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II.  SPOMSOAlNt  MILITANT  ACTIVITY 

Eustis  Directorate 

U.S.  Army  Air  Mobility  R&D  Laboratory 

Fort  Eustis,  Virginia 

The  purpoM  of  thi*  progran-  mm  to  investigate  the  performance  of  high-speed  overrunning  dutch  euemblie*  for  um  In  •  multiengine 
helicopter.  The  deugn  operating  condition*  Mere  3,670  inch-pound*  torque  transmitted  et  26,500  rpm.  Two  dutch  configuration*  with 
differing  deiign  philosophic*  were  evaluated.  One  deugr  utiliie*  inner  end  outer  iprag  retainer*  with  a  central  energizing  ribbon  tpring. 
The  other  detign  position*  the  iprag*  with  on*  retainer  and  incorporate*  garter  tpring*  at  the  iprag  edge*. 

An  extend**  ten  program  we*  conducted  a*  follow*: 

1.  Full-Speed  Dynamic  Clutch  Override  Tett  -  Operation  at  zero  input  tpeed  end  76600  rpm  output  ipeed  for  5-hour  run* 
at  veriou*  oil  flow* 

2.  Differential-Speed  Dynamic  Clutch  Override  Te*l  -  Operation  at  output  tpeed  of  26,500  rpm  and  input  ipeed*  of  13,260 
150  percent  normal  rated),  17,756  167  percent  normal  rated)  end  19,878  (76  percent  normal  rated)  rpm 

3.  Dynamic  Engagement  Teet  -  Simulated  high  ipeed  engagement* 

4.  Static  Cydtc  Torque  Fatigue  Teet  -  Operation  et  7,140  t  900  inch-pound*  for  107  cycle* 

6  Static  Overload  Ten  -  Torque  application  to  failure 

Drag  torque  end  metal  and  oil  temperature*  were  measured  during  the  dynamic  testing.  Result*  of  the  test  program  indicated  that  the 
most  sever*  operating  condition  we*  differential  ipeed  operation  end  that  both  clutch  configuration*  would  require  design  modification* 
to  operate  successfully  in  thi*  mod*. 

An  analyse  of  high-spaed  sprag  dutch  operation  we*  performed,  end  e  computer  program  wm  developed  a*  an  initial  step  to  provide  a 
mathematical  model  of  dutch  operation  reflecting  modem,  high-speed  mechanical  technology. 
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The  research  described  herein  was  conducted  by  AVCO/Lycoming 
Division,  under  the  terms  of  contract  DAAJ02 -71-C-0028 . 

The  work  was  performed  under  the  technical  manageomnt  of 
Mr.  E.  R.  Givens,  assisted  by  Mr.  D.  P.  Lubrano,  Propulsion 
Division,  Eustis  Directorate. 

VTOL  drive  systems  must  Incorporate  an  overrunning  (free¬ 
wheel)  clutch  unit  so  that  In  the  event  of  engine  malfunction, 
the  aircraft  can  safely  autorotate  or,  in  the  case  of 
multlenglnes,  proceed  on  single-engine  operation.  Current 
overrunning  speeds  are  limited  to  approximately  12,000  rpm 
or  less,  depending  on  the  torque  transmitted.  The  objective 
of  this  program  was  to  evaluate  sprag  type  clutches  operating 
at  engine  input  conditions  of  26,500  rpm  and  1500  hp. 

Appropriate  technical  personnel  of  this  Directorate  have 
reviewed  this  report  and  concur  with  the  conclusions  contained 
herein. 
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SUMMARY 


The  purpose  of  thie  program  was  to  investigate  the  performance  of  high¬ 
speed  overrunning  clutch  assemblies  for  use  in  a  multiengine  helicopter. 
The  design  operating  conditions  were  3,  570  inch-pounds  torque  trans¬ 
mitted  at  26,  500  rpm.  Two  clutch  configurations  with  differing  design 
philosophies  were  evaluated.  One  design  utilizes  inner  and  outer 
sprag  retainers  with  a  central  energizing  ribbon  spring.  The  other 
design  positions  the  sprags  with  one  retainer  and  incorporates  garter 
springs  at  the  sprag  edges. 

An  extensive  test  program  was  conducted  as  follows: 

1.  Full-Speed  Dynamic  Clutch  Override  Test  -  Operation  at  zero  input 
speed  and  26,  500  rpm  output  speed  for  5-hour  runs  at  various  oil 
flows 

2.  Differential  Speed  Dynamic  Clutch  Override  Test  -  Operation  at 
output  speed  of  26,  500  rpm  and  input  speeds  of  13,  250  (50  percent 
normal  rated),  17,755  (67  percent  normal  rated)  and  19,875  (75  per¬ 
cent  normal  rated)  rpm 

3.  Dynamic  Engageme nt  Test  -  Simulated  high-speed  engagements 

4.  Static  Cyclic  Torque  Fatigue  Test  -  Operation  at  7,  140  ±  900  inch- 
pounds  for  10?  cycles 

5.  Static  Overload  Test  -  Torque  application  to  failure 

Drag  torque  and  metal  and  oil  temperatures  were  measured  during  the 
dynamic  testing.  Results  of  the  test  program  indicated  that  the  most 
severe  operating  condition  was  differential  speed  operation  and  that  both 
clutch  configurations  would  require  design  modifications  to  operate 
successfully  in  this  mode. 

An  analysis  of  high-speed  sprag  clutch  operation  was  performed,  and  a 
computer  program  was  developed  as  an  initial  step  to  provide  a  mathe¬ 
matical  model  of  clutch  operation  reflecting  modern,  high- speed  mechan¬ 
ical  component  technology. 
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outer  strut  angle  for  curved  surface  raceways  -  deg 

lubricant  pressure-viscosity  coefficient  =  95x10"^  -  in.  ^ /lb 

angle  between  lines  connecting  inner  race  contact  point  to 
center  of  clutch  -  deg 

deflection  of  inner  race  contact  points  due  to  compression  - 
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deflection  of  outer  race  contact  points  due  to  compression  - 
in. 

total  radial  growth  of  outer  race  inside  radius  -  in. 
radial  growth  due  to  rotation  -  in. 

radial  growth  of  outer  race  inside  radius  due  to  rotation  - 
in. 

radial  growth  of  outer  race  outside  radius  due  to  rotation  - 
in. 

change  in  oil  temperature  -  °F 

weight  density  constant  =  .  282  -  lb/in.  ^ 

modulus  of  elasticity  =  29x10^  -  psi 

materials  factor  -  psi 

design  point  speed  -  rpm 

inner  race  speed  -  rpm 

outer  race  speed  -  rpm 

sprag  rotation  angle  -  deg 

inner  race  traction  coefficient  of  friction 

sliding  coefficient  of  friction 

outer  race  traction  coefficient  of  friction 

absolute  viscosity  of  the  lubricant  =  73x10"®  reyns 

Poisson's  ratio  -  0.25 

constant  =  3.  14159263 
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sprag  cam  inner  race  radius  of  curvature  -  in. 

sprag  cam  outer  race  radius  of  curvature  -  in. 

sprag  rotation  angle  as  measured  from  'X*  coordinate 
axis  -  deg 

drag  torque  -  in. -lb 

angular  velocity  -  rad /sec 
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INTRODUCTION 


The  purpose  of  this  program  was  to  advance  the  technology  of  overrun¬ 
ning  sprag  clutch  units  to  allow  for  reliable  and  efficient  operation  at 
speeds  and  loads  commensurate  with  advanced  aircraft  gas  turbine 
engines.  The  design  operating  conditions  for  this  program  were  26,  500 
rpm  and  3,  570  inch-pounds  torque. 

* 

The  overrunning  clutch  is  a  critical  helicopter  component  that  transmits 
engine  torque  in  normal  operation  and  allows  the  rotors  to  autorotate  in 
case  of  engine  malfunction.  With  the  advent  of  multiple  engine  configura 
tions,  the  overrunning  clutch  assumes  an  even  greater  role  since  the 
aircraft  must  be  capable  of  operation  with  an  engine  shut  down  or  with 
engines  operating  at  different  speeds. 

Current  transmission  designs  locate  the  clutch  after  the  first  or  second 
gear  reduction  stage  from  the  engine  in  order  to  eliminate  problems 
associated  with  high-speed  operation;  however,  this  practice  is  costly 
in  terms  of  component  size,  weight,  and  oil  flow.  To  achieve  the  light¬ 
est  configuration,  the  overrunning  clutch  must  be  located  on  the  high¬ 
speed  shaft  before  or  in  combination  with  the  first  gear  reduction. 

Difficulties  associated  with  high-speed  overrunning  clutches  fall  into  two 
categories: 

1.  Fatigue  and  overload  capability 

2.  Problems  associated  with  high-speed  overrunning  operation 

The  fatigue  and  overload  capabilities  of  a  clutch  configuration  are  rel¬ 
atively  easy  to  predict  using  established  theory.  Successful  high-speed 
clutch  operation  depends  upon  the  effect  of  clutch  heat  generation  and 
deterioration  during  prolonged  periods  of  freewheeling  and  differential 
speed.  Also,  clutch  engagements  and  disengagements  at  high  rates  of 
speed  and  acceleration  with  attendant  shock  loads  are  a  potential  source 
of  difficulties. 

The  approach  taken  to  investigate  these  problems  and  to  advance  the 
technology  of  overrunning  sprag  clutches  in  the  subject  program  follows: 
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1.  An  analytical  study  was  conducted  to  arrive  at  the  sprag  clutch  con¬ 
figuration  best  suited  for  high-speed  aircraft  operation.  Two  de¬ 
signs  currently  used  in  aircraft  applications  were  considered. 

Design  A  features  a  sprag  assembly  positioned  by  outer  and  inner 
cages  and  a  central  energizing  ribbon  spring.  Design  B  positions 
the  sprags  with  one  retainer  and  incorporates  energizing  garter 
springs  at  the  sprag  ends.  Design  B  also  incorporates  a  feature 
which  prevents  sprag  rollover  due  to  torque  overload.  Because 
both  configurations  have  advantages,  it  was  decided  to  evaluate  the 
two  designs  both  analytically  and  experimentally. 

2.  A  computer  program  was  developed  to  provide  an  analytical  tool  for 
the  analysis  of  high-speed  sprag  clutches. 

3.  An  extensive  test  program  was  conducted  as  follows: 

a.  Full-Speed  Dynamic  Clutch  Override  Test  -  Operation  at 
zero  input  speed  and  26,  500  rpm  output  speed  for  5-hour 
runs  at  various  oil  flows. 

b.  Differential  Speed  Dynamic  Clutch  Override  Test  -  Operation 
at  output  speed  of  26,  500  rpm  and  input  speeds  of  13,  250 

(50  percent  normal  rated),  17,  755  (67  percent  normal  rated) 
and  19,  875  (75  percent  normal  rated)  rpm. 

c.  Dynamic  Engagement  Test  -  Simulated  high-speed  engagements. 

d.  Static  Cyclic  Torque  Fatigue  Test  -  Operation  at  7,  140  ±  900 
inch-pounds  for  10?  cycles. 

e.  Static  Overload  Test  -  Torque  application  to  failure. 
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DESIGN  AND  ANALYSIS 


DESCRIPTION  OF  CLUTCH  OPERATION 

The  principle  of  aprag  clutch  operation  is  illustrated  in  Figure  1.  The 
sprag  component  ia  designed  with  cross-corner  dimensions  such  that 
a  >  b.  Assuming  that  an  engine  is  driving  counterclockwise  through  the 
outer  race,  the  wedging  action  of  the  sprag  (contact  through  dimension 
"a")  will  drive  a  gearbox  through  the  inner  race.  If  the  engine  is  shut 
down  and  the  gearbox  continues  to  rotate,  the  clutch  will  overrun  (sprags 
rotate  clockwise  toward  dimension  "b"),  thus  achieving  the  desired  effect 
of  disengaging  the  engine  and  its  associated  drag  tcrque  from  the  power 
drive  system. 

A  section  of  the  clutch  has  been  enlarged  (Figure  2)  to  illustrate  the 
forces  involved  during  the  driving  and  overrunning  modes  of  operation. 
The  outer  or  inner  operating  surfaces  of  the  sprag  may  be  thought  of  as 
cams  of  circular  form.  If  radial  lines  are  drawn  from  the  center  of  the 
clutch  through  the  centers  of  the  radii  determining  the  sprag  surfaces, 
the  intersections  of  these  lines  with  the  race  surfaces  define  the  contact 
points  of  the  sprag  with  the  races.  A  line  drawn  between  the  inner  and 
outer  race  sprag  contact  points  is  called  a  strut,  and  the  angles  between 
this  strut  and  the  radial  lines  through  the  centers  of  the  cam  radii  are 
called  strut  angles. 

The  transmitted  components  of  the  driving  load  (KtI^/  ^TOl^  a  re  functions 
of  the  strut  angles  (a'i)  and  (a'0),  respectively,  such  that  ^TIl  =  ^Nl^  tan 
a'i  and  RtOl  =  ^NOL,tana'o*  The  traction  force  equals yj  RnIt  at  the  inner 
race  and  ^io  rNOl  at  the  outer  race  where^j  and  (j,q  are  coefficients  of 
friction.  Therefore,  to  ensure  that  the  strut  will  not  slip  on  the  raceways 
and  the  torque  will  be  transmitted  through  the  clutch,  the  tan-  ential  force 
must  be  less  than  the  available  traction  force  (RnIl tan  a'i <u t  RnIjJ* 
(RnOi  tana'o  <Uo  rnOl^*  ^  all  components  are  made  of  the  san  material, 
(ij  will  equal  hq;  since  a'i  =  a'o  +  3.  it  follows  that  a'i>a'0,  so  ■  at  the 
available  traction  force  at  the  inner  race  will  govern.  For  steel  on  steel, 
therefore,  the  inner  strut  angle  must  be  approximately  4  degrees  or  less, 
since  the  tangent  of  4  degrees  is  0.07,  which  is  approximately  the  co¬ 
efficient  of  friction  for  this  type  of  contact. 
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Figure  1.  Principle  of  Sprag  Clutch  Operation. 
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A  spring  is  normally  added  to  the  clutch  to  ensure  traction  (energizing) 
during  driving,  and  to  maintain*  raceway  contact  during  overrunning. 

This  spring  force  is  designated  by  Fgp  in  Figure  2.  To  provide  for 
equal  load  sharing  (full  phasing),  a  retainer  is  employed  between  the 
races,  which  keeps  the  sprags  uniformly  spaced.  A  centrifugal  force 
Fcg»  a  resultofthemass  and  rotation  of  the  sprags,  also  acts  to  ener¬ 
gize  the  clutch  during  the  engine  drive  mode.  No  centrifugal  force  acts 
on  the  sprags  during  the  overrunning  mode  because  the  tangential 
driving  force  component  is  greater  at  the  inner  race  (a'i  >a'0  )  so  that 
slipping  will  occur  initially  at  the  inner  race,  and  the  sprags  will  re¬ 
main  stationary  with  the  outer  race. 

An  important  feature  of  sprag  cam  design  is  the  compounding  of  radii 
of  curvature,  especially  at  the  inner  race.  When  the  clutch  changes 
from  the  load  to  overrun  mode  of  operation,  called  the  release  position, 
the  radius  of  curvature  at  the  inner  race  is  greatly  reduced,  thus  allow¬ 
ing  the  clutch  to  slip  more  easily  into  the  overrun  mode. 

In  addition  to  the  conditions  just  described,  drive  and  overrunning,  a 
third  mode  of  operation  called  "differential  speed"  must  be  evaluated. 

In  a  twinning  application,  if  one  engine  is  driving  the  gearbox,  the  clutch 
on  the  second  engine  is  overrunning  (inner  race  coupled  to  gearbox  and 
rotating  at  speed  of  the  first  engine).  If  the  second  engine  is  started  it 
cannot  transmit  torque  to  the  gearbox  until  it  accelerates  to  the  first 
engine  speed.  During  this  time,  however,  centrifugal  force  of  the  sprags 
is  acting  to  energize  the  clutch,  and  this  condition  is  much  more  severe 
on  the  wear  life  of  the  clutch  than  pure  overrunning.  This  mode  of  oper¬ 
ation  could  occur  during  preflight  checkout  of  the  aircraft  or  during  flight 
if  one  engine  is  driving  and  the  other  is  maintained  at  idle  for  quick 
response  to  any  need  for  reserve  power. 

DESCRIPTION  OF  TEST  CLUTCHES 


Two  clutch  designs  currently  used  in  aircraft  applications  were  evaluated 
analytically  and  experimentally.  The  designs  are  designated  "clutch 
design  A"  and  "clutch  design  B.  "  The  difference  in  design  philosophy 
is  shown  in  Figure  3. 

Clutch  design  A  utilizes  retainers  (cages)  both  at  the  top  and  bottom  of 
the  sprags  with  a  ribbon  spring  in  between.  The  outer  retainer  pilots  on 
the  outer  race  and  the  inner  retainer  in  turn  pilots  on  the  inner  race. 

A  stainless  steel  drag  band  was  incorporated  on  the  outer  retainer  to 
create  frictional  drag  between  the  sprag  assembly  and  the  outer  race. 
Clutch  design  A  components  are  shown  in  Figure  4. 
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Figure  4.  Clutch  Design  A  Details 


Clutch  deaign  B  utilizes  a  single  retainer  piloted  by  the  outer  race  with 
garter  springs  at  each  end  of  the  aprags.  This  design  also  incorporates 
a  feature  which  prevents  sprag  rollover  from  torque  overload.  The 
sprags  are  designed  to  contact  and  lock  up  against  one  another  when 
overloaded  (Figure  3).  Clutch  design  B  components  are  shown  in  Fig¬ 
ure  5. 

Both  clutch  designs,  in  addition  to  energizing  the  sprags  by  springs, 
use  centrifugal  engaging.  The  center  of  gravity  of  the  sprag  is  located 
to  provide  an  engaging  moment  when  the  sprag  assembly  is  rotating. 

Pertinent  dimensions  for  clutch  designs  A  and  B  are  listed  in  Table  I, 
and  materials  data  are  listed  in  Table  II. 


TABLE  I.  CLUTCH  GEOMETRY 

Design  A 

Design  B 

Outer  Race  OD  (in.) 

3.7500 

3.0950 

Outer  Race  ID  (in. ) 

2.  9042 

2.4060 

Inner  Race  OD  (in.) 

2. 1562 

1.7500 

Inner  Race  ID  (in. ) 

1.0000 

1.0000 

Number  of  Sprags 

20 

24 

Sprag  Effective  Length  (in. ) 

0.665 

0.  880 

Race  Surface  Finish  (AA) 

20  Max 

20  Max 

Sprag'  Surface  Finish  (AA) 

12  Max 

7  Max 

Eccentricity  of  Races 

0.0015  Max 

0.  001  5  Max 
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TABLE  II.  TEST  CLUTCH  MATERIALS 

Design  A 

Design  B 

Inner  and  Outer  Races 

Material  Specification 

AMS  6265 

AMS  6265 

Heat  Treatment 

Ca  rburize 

Carburize 

Case  Depth  (in. ) 

Max.  Stock  Removal 

. 050- . 065 

.050-. 065 

(After  Heat  Treatment)  (in. ) 

.010 

.010 

Case  Hardness 

Rc  60-63 

Rc  60-63 

Core  Hardness 

Rc  32-40 

Rc  32-40 

sPrag» 

Material  Specification 

M-  50 

SAE  52100 

Heat  Treatment 

Thru  hardened 

Thru  hardened 

Surface  Hardness 

Rc  61  min 

Rc  75 

Core  Hardness 

Rc  58-62 

Rc  58-62 

Surface  Treatment 

Nitrided 

Chromium  carbide 

Retainers 

Material  Specification 

SAE  4340 

AMS  6274 

Heat  Treatment 

Nitrided 

Thru  hardened 

, 

Rc  50  case 

Rc  40-47 

Rc  38-42  core 

Surface  Treatment 

Silver  plated 

Shot-pe  ned 

Springs 

Material  Specification 

17-7 

AMS  511ZE 

Treatment 

Stainless 

Music  wire 

Drag  Band 

Cold  drawn 

Heat  treated  and 
normalized 

Material  Specification 

Stainless 

Treatment 

Cold  drawn 

Oil 
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Lubrication  for  both  clutch  designs  ia  provided  centrifugally  via  holes 
drilled  through  the  inner  races  as  shown  in  Figure  6.  Dams  are  pro¬ 
vided  at  each  end  of  the  sprag  assembly  to  ensure  operation  in  a  flooded 
condition.  The  dams  also  trap  some  oil  at  shutdown  to  provide  lubrica¬ 
tion  at  subsequent  startup. 

Dams  are  also  placed  before  the  bearings,  and  the  clutch  scavenge  flow 
is  drained  between  the  clutch  and  bearing  dams.  This  arrangement  keeps 
clutch  particles  from  contaminating  the  bearings  and  eliminates  oil 
churning  in  the  bearings. 

The  lubrication  hole  pattern  for  clutch  design  B  is  shown  in  Figure  7. 

That  for  design  A  is  similar.  Axial  grooves,  machined  in  the  inner 
race,  extend  to  the  bearing  and  sprag  ends  away  from  the  feed  oil  so  as 
not  to  starve  this  area  in  case  of  low  oil  flow. 

The  test  program  was  designed  to  evaluate  oil  flows  from  33  percent  to 
300  percent  of  design  flow.  A  design  oil  flow  of  0.  8  gpm  (376  pph)  was 
selected  as  being  reasonable  for  this  type  of  transmission  component. 
Twenty-one  percent  of  the  flow  lubricates  the  clutch  bearings,  and  the 
remainder  lubricates  the  sprag  assembly. 

The  bearings  are  40x62x12  millimeter  bronze  cage  angular  contact, 
quality  ABEC  7.  Bearings  are  preloaded  by  a  40-pound  spring  (Figure 
6)  to  take  up  end  play.  This  is  done  to  prevent  bearing  skidding  at 
speed  and  eliminate  axial  shaft  excursion  at  the  rubbing  surfaces. 

Clutches  were  dynamically  balanced  to  0.  25  inch-grams  prior  to  oper¬ 
ation.  This  procedure  is  standard  for  high-speed  rotating  components. 

CLUTCH  ANALYSIS 


The  successful  design  of  a  high-speed  sprag  overriding  clutch  requires 
consideration  not  only  of  the  load-carrying  capability  but  also  the  energy 
losses  during  overriding  and  differential  speed  operation. 

The  critical  parameters  for  load- carrying  capability  are  compressive 
stress  at  the  inner  race- sprag  interface  and  hoop  stress  at  the  outer 
race  inside  diameter.  These  parameters  are  listed  in  Table  III  for 
both  the  A  and  B  clutch  configurations  at  the  design  point  of  3,  570 
inch-pounds  and  26,  500  rpm. 
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Figure  6.  Clutch  Lubrication  Details. 
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Figure  7.  Inner  Race  Lubrication  Hole  Pattern, 


1.  Refer  to  page  108. 

2.  Refer  to  page  107, 

3.  Refer  to  page  106. 


4.  Outer  race  speeds  chosen  are  those  which  the  computer  analysis 
showed  to  give  maximum  values  for  the  factor. 


To  develop  a  mean*  of  predicting  wear  and  heat  generation  during  over¬ 
running  and  differential  apeed  operation,  three  indexea  were  investigated: 

1.  Elastohydrodynamic  and  hydrodynamic  oil  film  thicknesses  were 
calculated  at  the  inner  race-sprag  contact. 

2.  A  'PRS-V'  factor,  interface  pressure  (psi)  times  velocity  (fps), 
was  calculated  at  the  inner  race-sprag  contact. 

3.  A  'PV1  factor  used  in  the  clutch  industry,  load  per  inch  times  velocity 
(fpm),  was  calculated  at  the  inner  race-sprag  contact. 

The  usefulness  of  these  indexes  will  depend  on  the  accumulation  of  far 
more  data  than  was  generated  in  the  test  program. 

These  parameters  are  listed  in  Table  III  for  the  override  condition. 

The  last  two  factors  are  listed  for  the  differential  speed  condition  at  the 
outer  race  speed  for  which  they  are  a  maximum. 

A  complete  mathematical  analysis  of  clutch  operation  was  performed 
(Appendix  I),  and  a  computer  program  was  developed  (Appendix  II). 

This  initial  effort  was  made  to  provide  an  analytical  base  that  can  be 
appropriately  modified  as  data  becomes  available  to  incorporate  new 
information.  This  base  will  provide  a  valuable  analytical  tool  with 
which  trade-off  design  studies  can  be  efficiently  conducted. 

The  initial  computer  results  for  the  test  clutches  are  immediately  use¬ 
ful  in  the  following  areas: 

1.  Clutch  Stresses  -  An  iteration  procedure  is  used  to  determine  the 
proper  position  of  the  sprag,  i.  e. ,  strut  angle  for  any  given  value 
of  torque.  The  critical  stresses  and  deflections  are  then  calculated: 

a.  Compressive  (Hertz)  stress  and  deflection  at  both  inner  and 
outer  race  contact  points 

b.  Hoop  stress  and  radial  deflection  at  the  outer  race  ID 

2.  Rollover  Torque  -  Rollover  or  slippage  of  the  sprags  at  the  inner 
race  due  to  excessive  torque  occurs  when  the  inner  strut  angle 
exceeds  approximately  4  degrees.  Therefore,  by  running  cases 
with  increasing  values  of  torque,  this  point  can  be  determined. 
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Strut  Angle  Curve  -  Values  for  the  strut  angle  versus  sprag  height 
are  calculated  assuming  both  flat  plate  and  curved  surface  raceways. 
The  flat  plate  values  can  be  used  to  generate  a  strut  angle  curve 
that  is  commonly  used  in  the  industry  along  with  an  inspection  in¬ 
strument  to  functionally  check  sprag  geometry.  The  curved  sur¬ 
face  values  are  usea  m  the  stress  and  deflection  calculations. 

Sprag  Centrifugal  Force  -  At  each  strut  angle  position,  the  location 
of  the  center  of  gravity  is  calculated  in  relation  to  the  contact  points. 
This  value  is  then  used  to  calculate  the  energizing  moment  due  to 
the  sprag. 


TEST  FACILITY 

DYNAMIC  TESTS 
Teat  Rig 

The  dynamic  tests  were  conducted  on  an  exiating  rig  especially  fabricated 
for  high-speed  overrunning  clutch  development.  The  test  vehicle 
(Figure  8)  consists  of  two  independently  controlled  8-inch  Barbour 
Stockwell  100  hp,  30,  000-rpm  steam  turbine  prime  movers  driving 
through  3:1  speed  increasers.  One  turbine  drives  the  clutch  inner  race 
and  the  second  turbine  drives  the  clutch  outer  race.  A  pad  is  provided 
on  each  speed  increaser  to  accommodate  slip  ring  assemblies  that 
transmit  data  from  the  rotating  shafts.  A  photograph  of  the  test  setup 
is  presented  in  Figure  9. 

The  test  cartridge  is  shown  in  Figure  10.  The  cartridge  containing  the 
test  clutch  has  been  designed  to  be  installed  between  the  supporting 
frames  without  moving  either  frame.  This  procedure  ensures  good 
alignment  for  each  test  increment  and  rapid  turnaround  between  tests. 

MIL-L-23699  lubricant  as  specified  was  employed  in  all  tests.  One 
batch  of  Hatco  3211  lubricant  was  used. 

A  schematic  representation  of  the  lubrication  system  is  presented  in 
Figure  11.  Two  independent  pressure  pumps  were  employed  in  the  tests, 
one  to  feed  the  test  clutch,  and  the  other  for  the  rig  support  bearings.  A 
constant  flow  of  0.  17  gpm  was  supplied  to  the  rig  support  bearings. 

High  quality  ABEC  7  ball  bearings  with  bronze  retainers  were  utilized. 

The  oil  used  in  the  dynamic  tests  was  analyzed  and  found  to  be  clean 
and  in  good  condition.  The  viscosity  at  100  F  was  found  to  be  25.71, 
and  the  acid  number  was  0.05.  Wear  metal  was  less  than  one  part  per 
million  each  for  chromium,  nickel,  silver,  copper,  aluminum,  and 
magnesium. 

Instrumentation 

A  typical  console  and  instrument  panel  for  external  control  of  rig  oper¬ 
ating  environments  is  shown  in  Figure  12.  Clutch  rig  instrumentation 
monitored  from  the  panel  included: 

I 

1.  Oil  flow  and  pressure 

2.  Oil  temperature  in  and  out 

3.  Rig  vibration 
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REMOVABLE  CLUTCH  TEST  CARTRIDGE- 


SLIP  RING  ASSEMBLY 
CLUTCH  OUTER  RACE 
TEMP  PROBE  t 


o  a 


o  o 


STEAM  TURBINE 
2  REQUIRED 


GEARBOX 
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Figure  8.  Overall  Rig  Arrangement. 
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Figure  9.  Test  Rig  Installation. 


Figure  10.  Test  Cartridge  Details. 
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Figure  11.  Lubrication  Schematic. 
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4.  Rig  speeds 

5.  Clutch  inner  and  outer  race  temperatures 

6.  Bearing  inner  and  outer  race  temperatures 

7.  Clutch  drag  torque 

8.  Chip  detectors 

The  locations  where  measurements  were  obtained  are  shown 
schematically  in  Figure  13.  Iron- Consta ntan  thermocouples  were 
employed  throughout.  Clutch  scavenge  oil  temperature  was  measured 
at  the  test  clutch  oil  ports  rather  than  the  rig  scavenge  port  so  that  no 
heat  would  be  lost  to  the  rig  housing. 

Clutch  torque  was  measured  by  two  methods  in  the  overrunning  tests. 

One  method  measured  driving  shaft  torque  (Figure  13).  Foil  resistance 
strain  gages  were  mounted  on  a  reduced  section  of  the  inner  race  drive 
shaft.  The  gages  were  located  to  form  a  torque  bridge  at  45  degrees 
to  the  axis  of  the  shaft.  The  shaft  and  gage  installation  was  calibrated 
for  torque  versus  bridge  output  over  the  expected  torque  range  (0  to 
250  inch-ounce).  The  calibration  was  accomplished  through  the  applica¬ 
tion  of  weights  on  a  specially  constructed  fixture.  Corrections  were 
made  for  extraneous  loads  and  temperature  effects. 

The  other  method  of  measuring  shaft  torque  was  to  restrain  the  outer 
race  from  rotating  with  an  instrumented  beam  (Figure  10).  Foil  resis¬ 
tance  strain  gages  were  mounted  on  the  beam  to  form  a  shear  bridge. 

The  beam  was  calibrated  for  point  load  versus  bridge  output  over  the  ex¬ 
pected  load  range.  Corrections  were  made  for  extraneous  loads  and 
temperature  effects.  The  shear  bridge  was  chosen  to  eliminate  any 
need  to  correct  the  calibration  for  variations  in  the  point  of  load  applica¬ 
tion  relative  to  the  strain  gage  locations.  When  the  differential  speed 
tests  were  conducted  with  both  shafts  rotating,  only  the  drive  shaft 
torque  could  be  measured. 

STATIC  TESTS 


Test  Rig 

The  cyclic  fatigue  tests  were  conducted  in  the  experimental  mechanical 
laboratory  using  electrohydraulic  closed-loop,  servo  controlled,  rotary 
actuator  systems.  A  cross  section  of  a  typical  installation  is  shown  in 
Figure  14.  The  system  utilizes  a  rotary  actuator  and  provides  the 
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Figure  13.  Clutch  Instrumentation  Schematic 


r 


required  torque  load  of  7,  140  1  900  inch- pounds  at  a  frequency  of  10 
Hertz.  The  torque  load  was  applied,  using  the  hydraulic  rotary  actua¬ 
tor,  through  a  bolted  adaptor  splined  to  the  clutch  outer  race.  This 
load  was  then  reacted  through  a  torque  sensor  bolted  to  an  adaptor  and 
splined  to  the  clutch  inner  race.  Continuous  oil  flow  of  0.  5  gpm  was 
maintained  within  the  clutch  assembly  at  a  pressure  of  20  psig  using 
MIL-L-23699  oil.  The  system  uses  a  full-flow  chip  detector  and  is 
instrumented  for  an  automatic  shutdown  in  the  event  of  chip  detection 
or  component  failure.  The  equipment  compares  input  and  output  torque 
and  shuts  down  automatically  if  the  difference  is  greater  than  1/2  percent 
of  full  torque.  Torque  load,  angular  displacement  between  input  and 
output  races,  and  outer  race  radial  deflections  were  monitored  every 
1-million  cycles.  The  torque  readouts  were  observed  with  an  oscil¬ 
loscope,  digital  voltmeter,  and  load  amplitude  measurement  system. 
Angular  displacement  between  outer  and  inner  races  was  measured 
with  graduated  scales,  located  on  the  input  and  output  adaptor  flanges, 
and  with  pointers  attached  to  ground.  Outer  race  radial  deflection 
was  determined  by  averaging  the  output  of  eight  strain  gages  tangentially 
oriented  and  equally  spaced  around  the  shaft  circumference.  The  rig 
utilizes  a  rotary  actuator  that  is  rated  at  8,020  inch-pounds  dynamic 
and  12,000  inch-pounds  static.  Maximum  travel  is  90  degrees  (±45 
degrees).  A  10  gpm  hydraulic  power  supply  at  3,  000  psi  source  pres¬ 
sure  is  employed.  A  photograph  of  the  cyclic  fatigue  test  installation 
is  shown  in  Figure  15. 

The  overload  tests  were  performed  on  a  second  rotary  actuator  that  is 
rated  at  72,  000  inch-pounds  static  torque.  Instrumentation  utilized 
was  the  same  as  that  in  the  cyclic  fatigue  test.  A  photograph  of  the 
overload  test  installation  is  shown  in  Figure  16. 
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Figure  16.  Static  Overload  Test  Installation, 


TEST  PROCEDURE 


GENERAL 


Five  series  of  tests  were  conducted  as  follows: 

1.  Full-speed  dynamic  clutch  override  test 

2.  Differential  speed  dynamic  clutch  override  test 

3.  Dynamic  engagement  tests 

4.  Static  cyclic  torque  fatigue  test 

5.  Static  overload  test 

One  design  A  clutch  and  one  design  B  clutch  were  subjected  to  tests  1 
through  3.  Two  design  A  clutches  and  two  design  B  clutches  were  sub¬ 
jected  to  tests  4  and  5.  For  the  dynamic  tests,  data  were  recorded 
every  15  minutes.  A  typical  log  sheet  is  shown  in  Figure  17.  Data 
points  taken  were  averaged  for  presentation  under  "Test  Results  and 
Discussion.  " 

FULL-SPEED  DYNAMIC  CLUTCH  OVERRIDE  TEST 


The  objective  of  this  test  was  to  determine  the  optimum  clutch  oil  flow 
in  terms  of  heat  generation,  drag  torque,  and  component  wear. 

Prior  to  testing,  the  clutch  rig  was  fully  instrumented  to  monitor  the 
following  parameters,  which  wore  recorded  every  15  minutes: 

Pa ramete r  Number  of  Positions 


Outer  race  temperature  of  bearings  -  °F 

Inner  race  temperature  of  bearings  -  °F 

Clutch  outer  race  temperature  -  °F 

Clutch  inner  race  temperature  -  °F 

Temperature  of  clutch,  oil  in  -  °F 

Clutch  drag  torque,  dynamic  measurement  -  in. -oz 

Clutch  drag  torque,  static  measurement  -  in.  -oz 

Clutch  assembly  oil-out  temperature  -  °F 

Oil  flow  to  clutch  assembly  -  pph 

Rig  housing  vibration  (displacem ant  and  velocity) 

Chip  detectors 

Oil  pressure  at  rig  housing  for  clutch  assembly  -  psig 
Output  shaft  speed  -  rpm 


4 

4 

2 

2 

1 

1 

1 

1 

1 

1 

2 

2 

1 

1 
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Figure  17.  Typical  Log  Sheet. 


The  clutch  was  operated  at  zero  input  speed  and  26,  500  rpm  output  speed. 
Teats  were  conducted  with  oil  flows  of  300,  200,  100,  67,  and  33  percent 
of  design  flow  (design  flow  =  0.  8  gpm).  Each  test  was  of  5  hours  duration. 
The  oil  inlet  temperature  was  held  to  a  minimum  of  195°  F  and  did  not  go 
above  215°  F.  The  oil  inlet  pressure  did  not  exceed  100  psig»  nor  did  it 
go  below  45  psig  throughout  the  dynamic  test  program.  It  must  be  remem¬ 
bered  that  this  is  the  oil  fed  to  the  inside  of  the  clutch  inner  race.  Test 
oil  flows  and  pressures  are  listed  in  Table  IV. 


TABLE  IV.  FULL-SPEED  DYNAMIC  CLUTCH  OVERRIDE 
OIL  FLOWS  AND  PRESSURES 


Percent  Design  Flow 

GPM 

PPH 

Feed  Pressure 

1 

300 

2.4 

1125 

98 

2 

200 

1.6 

750 

85 

3 

100 

.8 

375 

63 

4 

67 

.  54 

250 

48 

5 

33 

.  26 

125 

45 

At  the  end  of  each  oil  flow  level  test,  (300  percent  oil  flow,  200  per¬ 
cent  oil  flow,  etc.)  a  speed  rundown  was  conducted.  For  this  portion  of 
the  test,  the  variable  was  clutch  output  speed  and  the  operating  oil  flow 
was  maintained  at  a  steady  state.  The  output  speed  levels  selected  are 
listed  below: 


Output  Speed  Level  (rpm) 

25.  000 
20,  000 
15,  000 
10,  000 

Each  output  speed  level  was  maintained  until  steady- state  temperature 
condition  was  achieved.  Temperatures  were  stabilized  for  approximately 
15  minutes  at  each  speed  level.  After  testing,  the  test  rig  was  dismantled 
and  the  clutch  components  were  inspected  visually  and  analytically. 


The  entire  test  procedure  for  the  full-apeed  override  test,  including  the 
speed  rundown,  was  repeated  without  the  sprag  assembly  installed.  The 
purpose  was  to  resolve  clutch  drag  force  into  individual  components  pro¬ 
duced  by  bearings  and  shafts  on  one  hand  and  the  sprag  assembly  on  the 
other  hand. 

One  clutch  each  of  designs  A  and  B  was  subjected  to  the  full-speed  over¬ 
ride  test. 

DIFFERENTIAL  SPEED  DYNAMIC  CLUTCH  OVERRIDE  TEST 

The  objective  of  this  test  was  to  determine  the  maximum  drag  condition. 

The  test  objective  was  accomplished  by  adjusting  the  clutch  output  speed 
to  26,  500  rpm  (100  percent  normal  rated)  and  then  adjusting  the  clutch  in 
put  speed  to  the  values  noted  below: 

Output  Speed  Normal  Rated  Input  Speed  Normal  Rated 

(rpm)  _  _ (pe  rcent)  (rpm)  (percent) 


26,  500 

100 

1  3,  250 

50 

26,  500 

100 

17, 667 

67 

26,  500 

100 

19,  875 

75 

The  optimum  oil  flow  rates  established  during  the  full-speed  override  test 
were  used  during  this  test.  Oil  inlet  temperatures  and  pressures  were 
maintained  at  195°  F  minimum  and  100  psig  maximum,  respectively. 

After  conditions  were  stabilized,  each  speed  condition  was  maintained  for 
1  hour  and  the  following  parameters  were  monitored  every  15  minutes: 

Parameter  Number  of  Positions 


Outer  race  temperature  of  bearings  -  °F  4 

Inner  race  temperature  of  bearings  -  °F  4 

Clutch  outer  race  temperature  -  °F  2 

Clutch  inner  race  temperature  -  °F  2 

Temperature  of  clutch,  oil  out  -  °F  2 

Clutch  drag  torque,  dynamic  measurement  -  in. -oz  1 

Clutch  assembly  oil-in  temperature  -  °F  1 

Oil  flow  to  clutch  assembly  -  pph  1 

Rig  housing  vibration  (displacement  and  velocity)  2 

Chip  detectors  2 

Oil  pressure  at  rig  housing  for  clutch  assembly  -  psig  1 

Output  shaft  speed  -  rpm  1 

Input  shaft  speed  -  rpm  1 
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After  completing  the  three  1-hour  speed  rune,  i.  e. ,  clutch  input  speed 
adjusted  to  50,  67,  and  75  percent  normal  rated,  the  clutch  input  speed 
associated  with  the  highest  drag  torque  was  selected  as  the  next  operating 
point,  and  a  5-hour  test  was  conducted  at  the  selected  clutch  input  speed. 
All  other  test  parameters  were  the  same  as  before. 

At  the  end  of  the  differential  speed  dynamic  override  test,  the  clutch  rig 
was  dismantled  and  clutch  components  were  visually  and  analytically 
inspected.  One  clutch  each  of  designs  A  and  B  was  subjected  to  the  differ 
enlial  speed  test. 

DYNAMIC  ENGAGEMENT  TEST 


The  objective  of  this  test  was  to  investigate  the  engaging  and  disengaging 
characteristics  of  the  clutch. 

The  test  procedure  employed  was  to  adjust  the  output  speed  to  the  clutch 
to  13,250  rpm  (50  percent  normal  rated).  The  input  speed  of  the  clutch 
was  then  accelerated  to  exceed  1  3,  250  rpm,  such  that  clutch  engagement 
occurred.  As  the  input  speed  inc reaset^  the  output  prime  mover  was  shut 
down  to  impart  a  shock  load  to  the  clutch  components,  an  operation  that 
was  accomplished  twice. 

The  procedure  was  repeated  at  output  speeds  of  19,  875  rpm  (75  percent 
normal  rated)  for  two  engagements  and  of  26,  500  rpm  (100  percent)  for 
five  engagements.  For  this  test  series,  the  strain-gaged  drive  shaft, 
capable  of  monitoring  clutch  drag  torque,  was  not  used.  The  shaft  was 
designed  to  measure  only  small  values  of  drag  torque  and  would  fail  *f 
subjected  to  the  shock  loads.  Accordingly,  another  drive  shaft  capable 
of  withstanding  shock  loads  was  employed.  The  optimum  oil  flow  estab¬ 
lished  in  the  full-speed  override  test  was  utilized. 

One  clutch  each  of  designs  A  and  B  was  subjected  to  the  dynamic  engage¬ 
ment  test. 

Following  the  test,  clutch  components  were  visually  and  analytically  in¬ 
spected. 

STATIC  CYCLIC  TORQUE  FATIGUE  TEST 


The  objective  of  this  test  was  to  determine  the  fatigue  characteristics  of 
the  clutch. 
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A  torque  load  of  7,  140  ±  900  inch-pounds  was  applied  for  10  cycles. 

The  cyclic  fatigue  test  program  was  conducted  at  twice  the  design  torque, 
reflecting  safety  factors  commonly  used  in  the  aircraft  industry  to  account 
for  torsionals,  shock  loads,  etc.  Load  application  frequency  was  10  Hertz 
using  sine  wave  excitation.  The  following  parameters  were  monitored: 

Torque  -  in.  -lb 

Angular  Displacement  -  deg 

Outer  Shaft  Radial  Deflection  -  in. 

A  continuous  oil  flow  of  0.  5  gpm  at  20  psig  and  room  temperature  was 
maintained  within  the  clutch  assembly  with  the  use  of  special  fixtures. 

Two  clutches  each  of  designs  A  and  B  were  subjected  to  the  cyclic  fatigue 
test. 

Following  the  test,  clutch  components  were  visually  and  analytically 
inspected. 

STATIC  OVERLOAD  TEST 


The  objective  of  this  test  was  to  determine  the  clutch's  ultimate  capacity 
and  the  overload  mode  of  failure. 

Static  torque  load,  in  increasing  increments  of  500  inch-pounds,  was 
applied  until  slippage  or  component  failure  occurred.  The  following 
parameters  were  monitored: 

Torque  -  in.  -lb 

Angular  Displacement  -  deg 

Outer  Shaft  Radial  Deflection  -  in. 

Internal  clutch  components  were  lubricated  with  MIL-L-23699  oil  prior  to 
testing. 

Two  clutches  each  of  designs  A  and  B  were  subjected  to  the  static  overload 
test. 

Following  the  test,  clutch  components  were  visually  and  analytically 
inspected. 


INSPECTION 


Prior  to  testing,  all  clutch  components  were  completely  dimensionally 
inspected.  Clutch  races  were  measured  on  the  Indi-Ron  (Figure  18) 
to  determine  race  roundness  to  1.5x10"^  inch  and  on  the  Proficorder 
(Figure  19)  to  determine  surface  texture  to  3x10"^  inch.  Proficorder 
traces  were  also  taker,  on  the  sprags  in  both  the  axial  and  circumferential 
directions.  A  typical  Proficorder  chart,  which  provides  a  permanent 
record  of  component  surface  texture,  is  shown  in  Figure  20.  An  Indi-Ron 
chart  of  an  inner  race  permanently  recording  roundness  and  squareness  of 
all  critical  surfaces  with  respect  to  a  reference  surface  is  shown  in 
Figure  21. 

These  measurements  were  taken  following  each  test  run  in  order  to 
determine  component  deterioration  during  operation.  In  addition,  mag- 
naflux  inspections  were  perfjrmed  after  testing  to  determine  crack 
initiation,  if  any. 

In  practice,  measurement  of  sprag  wear  by  use  of  the  Proficorder  was 
not  successful.  The  inner  cam  surface  of  the  sprag  is  made  up  of  two 
radii  of  curvature,  one  for  load  transmittal  and  the  other  for  overriding. 
Wear  occurred  during  dynamic  tests  at  the  transition  between  these 
two  curves,  which  made  it  extremely  difficult  to  set  up  the  Proficorder, 
since  it  is  set  to  a  radius  and  then  zeroed  out  at  each  end  of  the  curve 
defined  by  the  radius.  It  was  found  that  the  best  sprag  wear  indication 
was  to  measure  the  width  of  the  wear  band. 

The  wear  was  manifested  as  a  flat  on  the  cam  surface,  so  knowing  the 
width  and  the  radius  of  curvature  enabled  calculation  of  wear  depth. 
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Figure  20.  Typical  Proficorder  Chart. 
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TEST  RESULTS  AND  DISCUSSION 


FULL  SPEED  DYNAMIC  CLUTCH  OVERRIDE  TEST 

Design  A  clutch  testing  was  terminated  at  67  percent  design  oil  flow 
(0.  54  gpm)  because  of  wear  at  the  sprag  inner  surface  where  the  inner 
race  overrides.  The  sprag  wear  pattern  after  the  100  and  the  67  percent 
oil  flow  runs  is  shown  in  Figure  22.  The  inner  and  outer  races  exhibited 
no  measurable  wear,  but  there  was  slight  scuffing  on  the  inner  race 
following  the  67  percent  oil  flow  run  as  shown  in  Figure  23.  The  width 
and  depth  of  the  sprag  wear  band  after  each  oil  flow  run  are  listed  in 
Table  V. 


The  width  of  the  wear  band  versus  hours  of  operation  is  plotted  in 
Figure  24,  which  shows  an  increasing  wear  rate  as  oil  flow  was  reduced. 
Wear  was  apparent  on  the  drag  band  where  it  contacts  the  outer  race 
following  testing.  Also,  some  of  the  silver  plating  on  the  retainers  had 
flaked  and  some  silver  was  deposited  in  the  sprag  pockets. 

The  design  B  clutch  survived  all  oil  flow  runs  down  to  33  percent  (0.  26 
gpm)  in  excellent  condition  without  measurable  wear.  Clutch  component 
condition  following  the  override  testing  is  shown  in  Figures  2S  through 
27. 
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Figure  22.  Sprag  Wear  Following  Override  Test,  Design  A. 


Figure  25.  Sprag  Condition  Following  Override  Test,  Design 
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The  energy  lose  in  the  clutch  due  to  overriding  was  measured  in  three 
ways:  oil  temperature  increase,  reaction  torque  on  the  stationary 
outer  race,  and  shaft  torque  on  the  rotating  inner  race. 

Theoretically,  one  would  expect  the  shaft  torque  to  be  equal  to  the 
reaction  torque  and  also  to  the  torque  calculated  from  oil-in  and  oil- 
out  temperature  differential  and  speed.  The  measurements  obtained 
showed  a  reasonable  correlation  between  shaft  and  beam  torques.  In 
some  runs,  difficulty  was  experienced  with  the  slip  ring  readout;  there¬ 
fore,  reaction  torque  was  taken  to  be  the  more  reliable  data.  These 
data  for  designs  A  and  B  are  plotted  in  Figures  28  and  29  respectively. 
In  order  to  determine  the  energy  loss  due  to  the  sprag  assembly  alone, 
the  rig  was  operated  both  with  and  without  the  sprag  assembly  installed. 
The  results  are  reflected  in  the  solid  and  dotted  lines  in  Figures  28 
and  29. 


Energy  loss  using  oil-in  and  -out  temperatures  was  calculated  as  follows 


where 


Q 

M 

CP 

AT 


Q  =  MC  AT 
P 

Heat  loss  -  Btu/hr 
Flow  -  pph 

Specific  heat  -  taken  as  .  46  Btu/lb-°F 

Change  in  oil  temperature  -  °F 

_  24.  8  Q 

Torque  =  -  (m.  -lb) 


At  the  higher  oil  flows,  the  torque  calculated  from  oil-in  and  -out  tem¬ 
peratures  was  significantly  higher  than  shaft  or  reaction  torque,  which 
indicates  that  a  large  percentage  of  the  oil  flow  was  lost  in  leakage 
and  was  not  passing  through  the  sprags  and  bearings.  Potential  oil  leak¬ 
age  paths  are  shown  in  Figure  30.  Temperature  probes  were  placed 
adjacent  to  the  scavenge  ports  as  shown  in  the  figure, therefore  measur¬ 
ing  only  the  oil  passing  through  the  clutch. 
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Figure  28.  Reaction  Torque  Versus  Oil  Flow,  Design  A 
Full-Speed  Override  (Input  Stationary). 


51 


Figure  29.  Reaction  Torque  Versus  Oil  Flow,  Design  B 
Full-Speed  Override  (input  Stationary). 
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Figure  30.  Oil  Leakage  Paths. 


The  raw  data  for  shaft  torque,  reaction  torque,  and  oil  temperature  are 
shown  in  Appendix  III. 

Oil  temperature  changes  versus  oil  flow  at  26,  500  rpm  for  designs 
A  and  Bare  shown  in  Figures  3i  and  32.  Clutch  and  bearing  race  metal 
temperatures  are  shown  in  Figures  33  through  36. 

On  the  basis  of  the  condition  of  the  sprags,  the  torque  measurements, 
and  the  metal  temperatures,  it  was  decided  to  designate  200  percent 
design  flow,  1.  6  gpm,  as  the  optimum  flow  for  design  A  and  67  percent 
design  flow,  0.  54  gpm,  for  design  B.  These  flows  were  to  be  used  in 
the  differential  speed  and  dynamic  engagement  tests.  Design  A  flow 
was  chosen  mainly  on  the  basis  of  the  sprag  wear  experienced.  Design 
B  performed  well  at  all  oil  flows  down  to  33  percent;  however,  it  was 
decided  to  use  67  percent,  since  metal  temperatures  were  approaching 
300°  F  and  nearing  the  range  where  tempering  of  the  case-carburized 
inner  and  outer  races  might  occur. 

Clutch  design  A  sprag  wear  could  be  eliminated  by  incorporating  design 
changes  that  would  force  the  sprags  further  into  the  release  position  and 
away  from  inner  race  contact  during  periods  of  override.  The  mecha¬ 
nism  by  which  this  function  can  be  accomplished  is  a  force  exerted  on  the 
sprags  by  the  inner  retainer  (Figure  37). 

The  addition  of  a  drag  band  between  the  inner  retainer  and  the  inner 
race  would  create  a  frictional  force  on  the  retainer  that, when  trans¬ 
mitted  to  the  sprags,  would  tend  to  reduce  the  energizing  moment. 

The  drag  band  approach  would  result  in  the  transferral  of  sliding  from 
the  sprags  to  the  band  and  might  result  in  band  wear  as  noted  on  the 
outer  cage  drag  band  in  the  test  program.  This  problem  could  be  re¬ 
solved  by  proper  choice  of  band  material  and  sufficient  drag  band  area. 

Another  method  of  obtaining  drag  between  the  inner  cage  and  race  is  to 
interrupt  the  inner  cage  flanges  with  a  series  of  cutouts  that  are  directly 
in  line  with  the  oil  holes  in  the  inner  race  (Figure  37).  This  method 
would  be  applicable  only  to  a  <.ent  rifugally  lubricated  clutch  design. 

Drag  torques  measured  in  the  override  test  were  on  the  order  of  4  to  10 
inch-pounds  or  2  to  4  horsepower  at  26,  500  rpm.  Drag  torques  and 
temperature  data  were  measured  at  speeds  from  26,  500  rpm  down  to 
10,  000  rpm  to  provide  more  useful  design  data.  These  data  arc  pre 
sented  in  Appendix  III.  Operation  at  speeds  lower  than  26,  500  will  be 
less  severe  in  terms  of  heat  generation  and  wear. 
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Figure  31.  Oil  AT  Versus  Flow,  Design  A  Full-Speed  Override 
(Input  Stationary). 
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Figure  32.  Oil  Versus  Flow,  Design  B  Full-Speed  Override 
(Input  Stationary). 


56 


.8 


1.2  1.6 

OIL  FLOW  -  GPM 


2.0 


2.4 


Figure  33. 
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Clutch  Race  Temperature  Versus  Oil  Flow,  Override  Test 
Design  A. 
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Figure  34.  Clutch  Race  Temperature  Versus  Oil  Flow,  Override  Test, 
Design  B. 
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Figure  35.  Bearing  Race  Temperature  Versus  Oil  Flow,  Override  Test, 
Design  A. 
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Figure  36.  Bearing  Race  Temperature  Versus  Oil  Flow,  Override  Test, 
Design  B. 
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Figure  37.  Design  Modifications 


DIFFERENTIAL  SPEED  DYNAMIC  CLUTCH  OVERRIDE  TEST 


The  design  A  clutch  oil  flow  was  1.6  gpm.  This  clutch  exhibited  its 
highest  drag  torque  at  a  differential  speed  of  50  percent,  and  a  5-hour 
test  was  conducted  at  this  condition.  The  sprags  exhibited  a  wear  band 
0.047  inch  wide  and  0,002  inch  deep  on  the  inner  cam  surface  following 
the  test.  Slight  scuffing  was  noted  on  the  inner  race;  however,  no  wear 
was  measured  on  either  the  inner  or  outer  races.  Clutch  component 
condition  is  shown  in  Figures  38  through  40. 

Drag  torque  and  oil  temperature  results  are  listed  in  Table  VI.  Note 
that  the  torque  calculated  with  oil-in  and  oil-out  temperatures  compares 
well  with  the  shaft  torque,  especially  for  the  50  and  67  percent  speed 
points.  The  torques  presented  arc  average  values.  Actual  readings 
varied  ±  5  percent  from  the  average.  The  oil  leakage  encountered  in  the 
override  test  was  not  noted  here  because  with  the  outer  race  rotating, 
centrifugal  force  assists  in  scavenging  the  sprag  area.  Therefore,  a 
greater  percentage  of  the  feed  oil  was  able  to  flow  through  the  clutch. 

It  is  interesting  to  note  that  the  'PRS-V'  factor,  interface  pressure  (psi) 
times  sliding  velocity  (fps),  is  a  maximum  at  50  percent  differential 
speed.  The  'P-V'  factor,  load/inch  times  sliding  velocity  (fpm), 
commonly  u.«  ed  in  the  clutch  industry,  becomes  a  maximum  at  approx¬ 
imately  67  percent  differential  speed.  These  factors  come  to  a 
maximum  because  as  the  speed  differential  between  the  races  de¬ 
creases,  the  sliding  velocity  decreases.  As  the  outer  race  speed  in¬ 
creases,  however,  the  sprag  load  due  to  centrifgual  force  increases; 
therefore,  the  product  of  the  two  comes  to  a  maximum  within  the  speed 
range. 

The  design  B  clutch  exhibited  strong  centrifugal  engaging  characteristics 
and  could  not  be  made  to  operate  at  the  test  points.  An  explanation 
follows . 

With  the  inner  race  rotating  at  26,  500  rpm,  the  outer  race  was  held 
stationary  by  applying  reverse  steam  to  the  turbine  prime  mover.  As 
the  outer  race  was  brought  up  to  speeds  of  6000  to  9000  rpm,  by  reduc¬ 
ing  reverse  steam,  the  clutch  commenced  to  engage.  The  inner  race 
speed  decreased,  the  outer  race  speed  increased,  and  full  engagement 
was  accomplished  at  approximately  17,000  rpm.  This  relationship 
occurred  because  the  steam  turbines  could  not  exert  sufficient  torque  to 
hold  the  races  at  the  required  differential  speeds.  The  test  results 
are  further  illustrated  in  Figure  41.  The  plot  is  accomplished  by  read¬ 
ing  the  inner  and  outer  race  speeds  on  an  X-Y  plotter. 
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Figure  39.  Inner  Race  Following  Differential  Speed  Test,  Design  A, 
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OUTER  RACE  SPEED  -  RPM 


Figure  41.  Plot  of  Clutch  Engagement,  Design  B. 
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The  scale  ratio  is  1:1,  so  that  if  both  races  are  accelerating  or  deceler¬ 
ating  at  the  same  rate,  the  resulting  plot  is  a  45-degree  line.  The 
Figure  41  curve  starts  with  the  inner  race  at  26,  500  rpm  and  the  outer 
race  at  6,000  rpm.  As  outer  race  speed  is  increased  to  9,000  rpm,  by 
reducing  reverse  steam,  engagement  commences.  Although  no  adjust¬ 
ment  is  made  to  the  prime  movers,  the  inner  race  speed  decreases  as 
the  outer  race  speed  increases.  Full  engagement  occurs  with  both  races 
at  17,  000  rpm.  The  engagement  time  was  approximately  2  seconds. 

If  more  torque  were  available  in  the  prime  movers,  the  design  B  clutch 
could  have  been  made  to  operate  at  the  test  differential  speed  points; 
however,  this  is  academic,  since  heat  generation  and  wear  would  have 
been  excessive. 

Initial  design  B  clutch  differential  testing  was  with  0.  54  gpm  oil  flow, 
the  optimum  determined  from  the  override  test.  Because  the  design 
A  clutch  had  been  able  to  operate  with  1. 6  gpm  flow  at  the  test  points, 
it  was  decided  to  test  the  design  B  clutch  at  this  flow.  Again  the  clutch 
engaged  at  outer  race  speeds  of  over  6,000  rpm.  A  5-hour  run  was  then 
conducted  with  the  inner  race  at  26,  500  rpm  and  the  outer  race  varying 
between  3,400  and  5,  400  rpm.  Sprag  and  race  condition  following  this 
test  are  shown  in  Figures  42  through  44.  The  sprag  wear  band  width 
was  0.  039  inch,  and  the  depth  was  0.001  inch.  The  inner  race  was 
scored.  Drag  torque  measured  during  the  5-hour  run  was  5.  3  inch- 
pounds,  and  the  oil  temperature  differential  was  26°  F. 

There  was  some  question  as  to  whether  the  wear  occurred  during  the 
period  of  operation  at  0.  54  gpm  oil  flow,  and  whether  this  operation 
affected  the  ability  of  clutch  B  to  operate  successfully  at  the  higher  oil 
flow.  To  investigate  this  possibility,  another  unworn  clutch  of  design 
B  was  operated  at  2.4  gpm  oil  flow.  Attempts  were  made  to  operate  at 
the  test  points,  and  again  the  clutch  engaged  at  over  6,  000  rpm.  Sprag 
wear  was  again  noted  at  disassembly  equivalent  to  the  wear  noted  in  the 
previous  test. 
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Figure  43.  Inner  Race  Following  Differential  Speed  Test,  Design  B. 
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The  differential  speed  condition  is  clearly  the  most  severe  in  terms 
of  clutch  component  wear  and  drag  torque.  Further  high-speed  clutch 
development  should  concentrate  on  this  mode  of  operation.  High-speed 
sprag  clutches  can  operate  successfully  in  the  differential  speed  mode 
if  close  attention  is  paid  to  the  following  areas: 

1.  Precise  definition  of  sprag  geometry:  location  of  center  of  gravity 
and  points  of  spring  contact  at  speed 

2.  Development  of  lubrication  method:  amount  of  flow,  location,  and 
patttern  of  oil  inlet  jets  and  scavenge  ports 

3.  Close  attention  to  clutch  component  surface  texture  and  hardness, 
including  surface  treatment  to  reduce  wear 

The  design  A  clutch  exhibited  excessive  wear  at  the  sprag  inner  cam 
surface.  To  overcome  this  wear  characteristic,  the  same  design 
recommendation  as  for  the  overriding  test  is  made;  namely,  to  re¬ 
duce  the  energizing  moment  on  the  sprags.  (See  Figure  37.) 

The  design  B  clutch  was  unable  to  fulfill  the  differential  speed  test 
requirements  because  of  excessive  positive  centrifugal  engaging  action 
by  the  sprags.  The  action  also  resulted  in  wear  of  sprag  inner  race 
cams  and  metal  flow  of  the  inner  race  sprag  contact  surface.  Pos¬ 
itive  centrifugal  engaging  can  be  reduced  in  two  ways  (Figure  45): 

1.  Reduction  of  sprag  energizing  moment  by  profile  modification; 
i.  e.  ,  move  sprag  center  of  gravity  closer  to  the  radial  line  from 
the  center  of  the  clutch  to  the  outer  race  contact  point. 

2.  Reduction  in  the  energizing  moment  due  to  spring  mass  by  mod¬ 
ifying  the  sprag  profile  to  move  the  spring  energizing  contact 
toward  the  center  of  the  sprag. 
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Figure  45.  Methods  of  Decreasing  Centrifugal  Energizing  Moment 


DYNAMIC  ENGAGEMENT  TEST 


The  design  A  and  B  clutches  that  underwent  the  5-hour  differential 
speed  tests  were  used  in  the  dynamic  engagement  test  to  determine  if 
the  wear  experienced  in  the  differential  speed  test  would  affect  the 
clutch's  ability  to  engage  or  disengage.  No  difficulty  was  experienced 
with  either  design  at  any  of  the  engaging  speeds: 

13,250  rpm  -  2  engagements  and  disengagements 

19,875  rpm  -  2  engagements  and  disengagements 

26,  500  rpm  -  5  engagements  and  disengagements 

Measurements  following  the  test  indicated  no  change  in  clutch  compon¬ 
ent  condition.  Oil  flows  of  1. 6  gpm  for  design  A  and  0.  54  gpm  for 
design  B  were  used. 

No  attempt  was  made  in  this  test  to  exactly  simulate  acceleration  rates 
or  inertias  that  would  be  experienced  in  an  aircraft  installation. 


Figure  46  illustrates  a  typical  engagement  of  a  design  A  clutch  using 
an  XY  plotter  hooked  up  to  the  inner  and  outer  race  speed  signals.  Ini¬ 
tially,  the  inner  race  is  rotating  at  25,200  rpm  and  the  outer  at  12,000 
rpm.  As  the  outer  race  speed  is  increased,  engagement  commences  at 
point  A  with  the  outer  race  accelerating  and  the  inner  race  decelerating. 
Comple-e  engagement  is  at  point  B  with  both  races  at  17,  700  rpm. 
Engagement  time  was  approximately  3  seconds. 

STATIC  CYCLIC  TORQUE  FATIGUE  TEST 


Two  design  A  and  two  design  B  clutches  were  subjected  to  this  test.  All 
four  specimens  survived  7,  140  ±  900  inch-pounds  for  10^  cycles  with  no 
failures.  Neither  the  angular  displacement  of  the  input  shaft  with  respect 
to  the  output  nor  the  outer  shaft  radial  deflection  varied  over  the  10^ 
cycles.  Although  there  were  visible  traces  on  the  inner  and  outer  races 
where  the  sprags  had  contacted  (Figure  47),  there  was  no  measurable 
wear.  Magnaflux  inspection  showed  no  crack  indications.  Angular 
displacement,  outer  race  diametral  growth,  and  calculated  clutch 
stresses  at  8,  040  inch-pounds  torque  are  listed  in  Table  VII. 
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Inner  Race 


Outer  Race 


Typical  Clutch  Race  Condition  Following  Cyclic  Fatigue  Test 


Figure  47 


TABLE  VII. 

CONDITIONS  AT  MAXIMUM  CYCLIC 

FATIGUE  TORQUE,  8,  040  INCH- POUNDS 

Design 

Angular 

Displacement 

(deg) 

Outer  Race 
Diametral 
Growth 
(in. ) 

Compressive 

Stress, 

Inner  Race  OD 
(psi) 

Hcop  Stress,  * 
Outer  Race  ID 
(psi) 

A 

4.9 

.  0038 

497, 900 

73,  700 

A 

4.9 

.  0038 

B 

7.2 

.  0049 

500, 500 

94,  400 

B 

5.7 

.  0049 

* 

This 

stress  does  not 

include  rotational  effects. 

L  .  . . 3 

A  problem  noted  following  the  cyclic  torque  fatigue  tests  was  fretting 
of  the  bearing  balls  and  races.  Figure  48  illustrates  fretting  on  an 
inner  and  outer  race,  which  was  measured  to  be  approximately  0.  0001 
inch  in  depth.  Several  patterns  are  visible  on  the  races,  since  there 
were  shutdowns  during  the  test  and  the  bearing  angular  positions 
changed  several  times  during  the  10?  cycles.  Also,  this  bearing  was 
used  in  two  cyclic  fatigue  tests. 

The  fretting  experienced  may  not  be  representative  of  an  actual  applica¬ 
tion,  since  lubrication  conditions  would  be  better  in  a  rotating  installa¬ 
tion.  Also,  the  application  of  load  would  be  different.  The  degree  of 
fretting,  however,  if  experienced  in  an  application,  would  be  detrimental 
to  bearing  performance  and  could  cause  vibration  and/or  initiation  of 
bearing  fatigue. 
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Bearing  Inner  Race 

Bearing  Fretting  in  Cyclic 
Mag:  5X 


Bearing  fretting  in  an  application  ■could  be  forestalled  by  investigating 
four  areas  of  improvement: 

1.  Coating  of  the  bearing  races  with  a  dry  lubricant 

2.  Use  of  dissimilar  materials  in  the  bearing  balls  and  races 

3.  Surface  hardening  of  the  balls  or  races  using  such  processes  as 
nit  riding  or  chromizing 

4.  Use  of  roller  or  journal  bearings 
STATIC  OVERLOAD  TEST 


Two  design  A  and  two  design  B  clutches  were  subjected  to  this  test. 
Torque  was  applied  in  500  inch-pound  increments  until  failure. 

The  mode  of  failure  of  the  design  A  clutch  was  sprag  rollover,  which 
occurred  at  22,  500  inch-pounds.  This  failure  is  a  catastrophic  type, 
which  renders  the  clutch  inoperable. 

Design  B  clutch  failures,  because  of  the  sprag  lockup  feature  (Figure  3), 
resulted  in  slippage  of  the  outer  race  with  respect  to  the  inner  race. 

One  sample  slipped  at  15,  500  inch-pounds,  and  the  other  at  18,  000  inch- 
pounds.  This  mode  of  failure  is  preferable  to  sprag  rollover  since  the 
clutch  is  still  functional  when  the  overload  is  relieved.  In  fact,  no 
deterioration  in  clutch  condition  was  noted  due  to  the  overload  test. 

The  first  overload  test,  using  a  design  A  clutch,  resulted  in  a  sprag 
rollover  failure  at  b,  000  inch-pounds.  This  rollover  was  attributed  to 
a  rig  assembly  problem  whereby  the  outer  race  was  assembled  eccen¬ 
trically  to  the  inner.  Eccentricity  of  the  races  results  in  unequal  load 
sharing  among  the  sprags,  which  causes  premature  rollover  of  the 
overloaded  sprags.  Evidence  of  this  occurrence  was  that  five  of  twenty 
sprags  were  heavily  edge  loaded.  This  failure  is  shown  in  Figure  49, 
which  illustrates  the  quadrant  of  heavily  pitted  sprags.  When  the  over¬ 
loaded  sprags  rolled  over,  the  remaining  sprags  tried  to  pick  up  the  load 
and  also  rolled  over.  Further  evidence  that  an  unbalanced  radial  load 
had  occurred  was  that  the  bearings  were  heavily  Brinelled. 

The  assembly  procedure  was  modified  to  ensure  concentricity  of  the 
races,  and  three  overload  tests  (one  design  A,  two  design  B)  were 
conducted  without  difficulty. 
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Figure  49.  Sprag  Rollover  Failure, 


The  diametral  growth  of  the  outside  of  the  outer  race  measured  during 
the  overload  test  is  shown  in  Figure  50.  The  angular  displacement  of 
the  outer  race  versus  the  inner  race  during  the  overload  test  is  shown 
in  Figure  51.  The  angular  displacement  plotted  includes  windup  of  the 
inner  and  outer  race  shafts. 

Sprag  rollover  and/or  slippage  due  to  overload  occurs  when  the  tangent 
of  the  strut  angle  (a'i)  at  the  inner  race  contact  approaches  the  value  of 
the  coefficient  of  friction.  Using  the  computer  analysis  and  inputting 
torques  of  22,  500  inch-pounds  for  design  A  and  18,  000  inch-pounds  for 
design  B,  strut  angles  of  4.  69  and  4.  26  degrees  were  calculated.  There¬ 
fore,  the  computer  results  agree  well  with  the  test  results. 
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METALLURGICAL  STUDY 


Sprags  and  races  of  designs  A  and  B  were  sectioned  and  analyzed  to 
determine  metallurgical  characteristics.  Laboratory  measurements 
for  the  case  carburized  races  are  listed  in  Table  VIII. 


The  design  A  sprag  is  of  M50  steel  that  was  through  hardened  and 
gas  nitrided  for  an  especially  hard  outer  case.  Sprag  microstructure 
is  shown  in  Figure  52.  The  case  consisted  of  tempered  martensite, 
carbides,  and  nitrides.  The  core  consisted  of  tempered  martensite  and 
ca  rbides. 

The  design  B  sprag  uses  52100  steel,  through  hardened  and  surface  treated 
by  a  pink  phase  chromizing  process.  Sprag  microstructure  is  shown  in 
Figure  52.  The  compound  layer  due  to  chromizing  was  found  to  be 
0.00025  inch  thick,  and  the  actual  surface  hardness  could  not  be  deter¬ 
mined. 

Sprag  case  hardness  versus  depth  for  designs  A  and  B  is  shown  in 
Figure  53. 
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Figure  51.  Angular  Displacement  of  Outer  Race. 
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CONCLUSIONS 


1.  Full-speed  dynamic  clutch  override  testing  showed  that: 

a.  Design  A  clutch  sprags  wore  at  the  inner  cam  surface. 

b.  Design  B  clutch  operation  was  successful  at  all  oil  flows 
tested. 

c.  Oil  flow  requirements  in  the  override  mode  are  relatively  low. 

2.  Differential  speed  dynamic  clutch  override  testing  showed  that: 

a.  The  design  A  clutch  completed  the  test,  but  sprag  wear 
occurred  at  the  inner  cam  surface. 

b.  The  design  B  clutch  did  not  meet  the  test  requirements  because 
of  excessive  positive  centrifugal  engaging  action  by  the  sprags. 

c.  Differential  speed  operation  is  the  most  severe  mode  in  terms 
of  clutch  component  wear,  heat  generation,  and  drag  torque. 
Future  testing  to  develop  high-speed  overriding  clutches  and 
determine  operating  characteristics  such  as  optimum  oil  flow, 
drag  torque,  etc.,  should  concentrate  on  the  differential  speed 
mode  of  operation. 

3.  Dynamic  engagement  testing  was  successfully  completed  by  the 

design  A  and  B  clutches. 

4.  Static  cyclic  torque  fatigue  testing  showed  that: 

a.  Two  clutches  each  of  designs  A  and  B  successfully  completed 
the  test  at  rated  torque  for  10^  cycles.  Clutch  industry  stan¬ 
dards  which  generally  work  to  an  allowable  Hertz  stress  of 
450,  000  psi  for  10^  cycles  of  torque  application  may  be  con¬ 
servative  for  aircraft  quality  clutches. 

b.  A  potential  clutch  bearing  fretting  problem  exists. 

5.  Static  overload  testing  showed  that: 

a.  The  design  A  clutch  failed  in  the  sprag  rollover  mode  at  22,  500 
inch-pounds  (six  times  design  point)  torque. 
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b.  The  design  B  failures  resulted  in  slippage  at  the  inner  race 
at  torques  of  1C.  000  and  15,  500  inch-pounds. 

c.  The  design  B  clutch  sprag  lockup  feature,  which  prevents 
sprag  rollover  due  to  overtorque,  was  found  to  be  very  effec 
tive. 

6.  The  mathematical  mode  of  clutch  operation  and  the  computer  pro 
gram  that  was  developed  can  provide  a  valuable  tool  for  clutch 
analysis  and  design  trade-off  studies. 


APPENDIX  I 

ANALYSIS  OF  CLUTCH  OPERATION 


Presented  in  this  appendix  is  the  mathematical  model  upon  which  the 
computer  program  is  based. 

In  order  to  analyze  the  various  operating  conditions,  an  iteration  pzo- 
cedure  involving  the  sprag  position  with  respect  to  the  outer  race  is  per¬ 
formed.  A  sprag  position  is  assumed  which  sets  the  outer  and  inner 
race  contact  points.  For  the  overriding  condition,  the  inner  and  outer 
race  contact  points  are  at  radii  corresponding  to  the  engineering  drawing 
dimensions.  For  the  load  condition,  the  outer  race  contact  point  radius 
will  exceed  the  specified  dimension.  The  outer  race  deflection  due  to 
speed  and  load  is  then  calculated  and  compared  with  the  assumed  outer 
race  radius.  At  some  sprag  position,  the  assumed  and  calculated  outer 
race  radii  will  be  equal,  and  this  is  the  position  used  to  calculate  stresses 
and  deflections. 

The  following  assumptions  were  used  in  the  analysis: 

1.  The  radial  growth  of  the  outer  race  was  calculated  using  thick  wall 
cylinder  theory  with  the  length  of  the  cylinder  assumed  equal  to  the 
effective  sprag  length. 

2.  Deflection  of  the  outer  race  inside  diameter  was  calculated  with 
consideration  given  to  rotation  and  pressure  loading  of  the  outer 
race  only.  Hertzian  deformation  at  the  contact  points  was  neglected. 

3.  Loading  of  the  outer  race  due  to  centrifugal  force  on  the  sprags  is 
negligible  compared  with  the  normal  load  due  to  the  transmitted 
torque. 

4.  In  overriding,  the  sprags  are  assumed  to  slip  only  at  the  inner  race. 

A  coefficient  of  friction  of  0.  05  is  used. 

This  analysis  represents  an  initial  step  toward  establishing  a  mathemat¬ 
ical  model  for  high- speed  clutch  analysis.  As  more  experience  is  gained 
and  test  data  become  available,  the  analysis  will  be  refined  and  expanded. 

MATHEMATICAL  PROCEDURE 


Evaluation  of  a  clutch  design  is  begun  by  determining  the  relationship 
between  an  angle  of  rotation  9  and  the  distance  between  inner  and  outer 
races  J,  Figure  54,  for  positions  of  the  sprag  from  overrun.  Figure  54  (1), 
to  overload,  Figure  54  (4).  Once  this  relationship  has  been  established, 
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Figure  54.  Sprag  Cam  Positions  for  Various  Operating  Conditions. 


the  various  operating  conditions  such  as  override  and  load  transmittal 
can  be  analyzed.  Parallel  flat  plates  have  been  used  to  represent  the 
inner  and  outer  races  because  clutch  companies  employ  an  inspection 
instrument  for  checking  actual  sprags  in  this  manner;  the  curved  race¬ 
ways  will  be  substituted  later  on. 

Rotational  angle  9  is  bounded  by  a  line  passing  through  the  centers  of 
the  sprag  radii  of  curvature  and  a  line  passing  through  the  center  of  the 
inner  race  sprag  radius  that  is  parallel  to  the  flat  plates.  In  Figure 
54  (1),  the  distance  between  the  flat  plates  is  greater  than  the  sprag 
height  J,  which  indicates  that  contact  between  sprag  and  raceways  has 
not  yet  taken  place.  In  actual  operation  a  spring  force  is  acting  to 
energize  the  clutch  so  that  this  condition  cannot  occur.  The  gap  as 
shown  between  the  sprag  and  the  outer  race  is  used  in  the  computer  pro¬ 
gram.  When  the  rotational  angle  is  such  that  the  gap  equals  zero, 
initial  contact  has  occurred.  In  Figure  54  (2),  the  sprag  height  just 
equals  the  distance  between  the  flat  plates.  In  the  computer  program  this 
condition  applies  to  override,  differential  speeds  (inner  race  speed  great¬ 
er  than  outer  race  speed)  ,  and  up  to  the  point  where  the  engine  begins 
driving  and  transmitting  torque  (inner  and  outer  race  speeds  are  equal). 
Different  engine  driving  conditions  are  represented  in  Figures  54  (3)  and 
54  (4)  .  The  sprag  height  continues  to  increase  and  tends  to  expand  the 
outer  race  (J  increases). 

The  relationship  between  rotation  angle  and  sprag  height  is  developed  in 
Figure  55.  Since  the  strut  or  gripping  angles  (a-  ,  a^)  are  more  common¬ 
ly  used  terms  in  clutch  analysis,  their  values  have  been  used  instead  of 
the  rotation  angle  in  the  final  form  of  the  equation: 


(  1  +  tan^  a  )  -  2 


:p  +  p.  )  j  +  (  ;  p  +  p.  ; 

Ol  '  O  I  ' 


0LJ> 


=  0 


Th;s  equation  in  quadratic  form  relates  sprag  height  to  strut  angle  given 
the  sprag  inner  and  outer  race  radii  of  curvature  and  the  distance  be¬ 
tween  their  centers.  The  inspection  equipment  used  by  sprag  clutch 
manufacturers  to  check  out  sprag  radii  of  curvature  can  now  be  more 
fully  described.  Reference  to  Figure  54  shows  that  the  inner  race  flat 
plate  is  fixed  while  the  outer  race  flat  plate  is  made  to  contact  the  sprag 
surface  and  is  kept  parallel  to  the  inner  race.  As  the  outer  race  plate  is 
moved  axially  to  the  left,  the  sprag  height  J  increases.  The  axial  motion 
can  be  related  to  the  strut  angle  a.  The  outer  race  plate  is  connected 
electronically  to  a  pen  recorder,  and  a  continuous  plot  of  J  versus  a  is 
made. 
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a .  - 

t 

inner  strut  angle 

ao  = 

outer  strut  angle 

J  = 

sprag  height 

Pi  = 

sprag  cam  inner  radius  of  curvature 

Po  = 

sprag  cam  outer  radius  of  curvature 

NOTE: 

Outer  and  inner  surfaces  are  parallel; 
therefore  a  0  =  a  .  =  a 

GIVEN:  Pq,  Pjf  ql 

Find:  J  =  f  ( a) 


Development 

T  X 

cos  8  =  —  ,  tan  a  = 
OL 


_X 

J 


cos  8  = 


J  ton  a 

nr 


sin  8 


Y 

5L 


since 

cos2  8  +  sin2  8  =  1 

J2  *°n2  °  +  (P0  +  Pi  -  J)2  =  1 

tjl2  m"2 


reduces  to 


Figure  55.  Relationship  Between  Sprag  Rotation  Angle 
and  Sprag  Height  for  Parallel  Flat  Plates. 
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The  flat  plates  have  been  replaced  by  actual  curved  raceways  in  Figure  56, 
and  the  contact  point  at  the  outer  race  has  shifted  from  A_'  to  A.  The  inner 
and  outer  strut  angles  a{,  respectively  are  no  longer  equal.  The 
important  parameters  to  be  determined  are  DQ,  a|,  and  a^.  The  inner 
race  radius  of  curvature  is  R^.  D0/2  represents  the  radius  of  curvature 

that  the  outer  race  would  need  in  order  for  the  sprag  to  have  strut  angles 
a!  and  a' .  R^,  therefore,  remains  constant  while  DQ/2  varies  as  a  function 

oJ  a[.  ° 

These  relationships  will  now  be  used  to  evaluate  the  various  operating 
conditions. 

DESIGN  LOAD  POINT  STRESS  AND  DEFLECTION  ANALYSIS 


A  load  point  condition  with  the  engine  transmitting  torque  through  the 
outer  race  is  represented  in  Figure  57.  Sprag  inertia  and  spring  force 
have  been  neglected  in  this  analysis  because  their  magnitude  is  small 
compared  with  the  force  being  transmitted. 


Before  the  stresses  in  the  various  elements  can  be  calculated,  the  de¬ 
flections  due  to  the  transmitted  loads  and  rotation  of  the  elements  must 
be  correlated  with  the  assumed  strut  angle  of  the  sprag.  This  analysis 
is  performed  at  the  outer  race  contact  point  only,  since  the  deflections  are 
far  greater  than  those  at  the  inner  race  contact  point.  The  method  of 
superposition  is  used  to  determine  the  total  growth  at  the  outer  race. 

The  following  iteration  procedure  is  used: 

1.  From  Figure  56,  assume  9,  R[,  73L,  and  pQ  at  the  start  of  load 
transmission  (initial  contact)  and  calculate  D0»  aj ,  and  a^. 

2.  From  Figure  57,  calculate  RtOl?  ^NOl>  and  **NIl  U8*nS  design 
point  horsepower  and  speed. 


3.  Calculate  the  radial  growth  of  the  outer  race  inside  and  outside 
diameters  due  to  rotation. 


3+  v 

8 


3  +  v 
8 


2  2 
rl  r2 


1  +  3v  o 

_  r* 

3+  v 
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A  A 


/  GIVEN:  R,,0L,P.,  p# 

0  /  flMEi  Do;  <V  °i 


LAW  OF  COSINES  A  OLC 

LC  =  [0LJ  ♦  OCJ  -  2  ("Si.)  (OC)  cos  (90 
(SEE  NOTE  BELOW) 

OC  =  p,  ♦  R, 

'•>  _£o  -  "LC  ♦  p0 

LAW  OF  SINES  A  OLC 
P  =  Sio  ^-2^-  *'n 


,  AD 
ton  a  = - 

'  GB 

AD  =  AC  sin  p  =  Dp  tin  p 
DB  =  DC  -  BC  =  D  cos  p  -  R, 

,  =  .-r T,iop  i 


2.)  a’  =  ton 


uo  cos  0  -  R! 
2 


3.)  al  =  o'  -  p 


NOTE:  USE  0  FROM  PARALLEL  PLATE  THEORY  SO  THAT  o^,  aj,  De  (CURVED  SURFACES) 
AND  J,  a  ( PARALLEL  PLATES)  CAN  ALL  BE  RELATED  TO  THE  SAME  ANGLE  0. 


Figure  56.  Relationship  Between  Sprag  Rotation  Angle  and 
Strut  Angles  for  Curved  Surface  Raceways. 


where  S, 
rR 


r> 

rl 

r2 

r 

6 


radial  stress  due  to  rotation  (psi) 
tangential  stress  due  to  rotation  (psi) 

design  point  speed  (rpm) 

outer  race  inside  radius  (in.)  -  engineering  drawing 
outer  race  outside  radius  ( in.)  -  engineering  drawing 
radius  to  any  point  ( in.) 
density  (lb  mass/in?) 


The  radial  growth  is 


=7  <S'R  "  ”V 


NOTE:  Sr  =0  at  outer  race  inside  and  outside  diameter 
rR 


where  ArR  =  ArR^  for  r-  rj 

ArR  =  ArR2  for  r=  r2 

4.  Calculate  new  outer  race  inside  and  outside  radii  due  to  rotation. 


rll  =  rl  +  ArR] 
r22  =  r2  +  ArR. 


5.  Calculate  the  radial  growth  of  the  outer  race  inside  diameter  due 
to  the  transmitted  load  while  assuming  the  normal  forces  to  be 
acting  as  a  pressure  distribution  on  the  outer  race.  For  the  outer 
race  inside  diameter, 


P 


o 


N  Rnol 

t:  D0  L 
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where  S 

P 


radial  stress  due  to  transmitted  load  (psi) 
tangential  stress  due  to  transmitted  load  (  psi) 

Note:  Sign  is  chosen  so  that  (+)  represents 
tension  and  (~)  represents  compression 

internal  pressure  at  outer  race  inside  diameter  due  to  loading  (psi) 

normal  force  from  step  2 

outer  race  inside  diameter  from  step  1 


The  superimposed  radial  growth  due  to  pressure  is 


Ar 


P 


Calculate  the  final  outer  race  inside  diameter  from  the  superimposed 
radial  growth  due  to  pressure; 


°of  "  2rll  +  2Arp 


Compare  this  final  diameter  with  Do  from  Step  1.  If  they  are  equal, 
the  correct  sprag  strut  angles  have  been  assumed;  if  not,  the  process 
is  repeated  by  incrementing  on  9. 

a.  When  the  correct  condition  of  loading  has  been  found,  the  max¬ 
imum  hoop  stress  for  the  outer  race  inside  diameter  may  be 
determined: 


b.  The  maximum  compressive  stress  and  deflection  are  determined 
as  follows: 

1)  For  the  outer  race 


where  Sr 
C0 


compressive  stress  of  outer  race  contact  point 
half  width  of  outer  race  contact  area 
deflection  of  outer  race  contact  point 


2)  For  the  inner  race 


Rothbart, 


MECHANICAL  DESIGN  AND  SYSTEMS  HANDBOOK, 


New  York,  McGraw-Hill,  1964, 
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where  $£ 


Ar, 


compressive  stress  of  inner  race  contact  point 
half  width  of  inner  race  contact  areo 
deflection  of  inner  race  contact  point 


OVERRIDE  AND  DIFFERENTIAL  SPEED  ANALYSIS 


Refer  again  to  Figure  54,  where  item  2  represents  initial  contact.  For 
the  clutches  analyzed  in  this  program,  the  spring  force  acts  to  keep  the 
sprag  cams  always  in  contact  with  the  inner  and  outer  races;  and  since 
no  torque  is  being  transmitted  as  in  Figures  54  (3)  and  54  (4',  Figure 
54  (2)  represents  the  override  and  differential  speed  modes  of  operation. 
The  forces  acting  on  a  sprag  during  these  modes  of  operation  are  shown 
in  Figure  58.  Do,  aj  ,  ana  aj,  can  be  calculated  for  va  rious  positions  of 
the  sprag  angle  9  as  explained  above.  When  the  value  of  D0  equals  that 
of  the  outer  race  inside  diameter  given  by  the  engineering  drawing,  the 
correct  position  of  the  sprag  for  override  and  differential  speed  analysis 
has  been  found.  The  forces  acting  on  the  sprag  are  as  follows: 

Fee  =  centrifugal  force  of  the  sprag  (lb) 

Fgpi  =  spring  aeflection  force  (lb) 

Fsp"  =  centrifugal  force  of  the  spring  (lb) 

Since  the  clutch  is  not  transmitting  any  torque  during  these  modes  of 
operation,  the  reaction  forces  on  the  sprag  at  the  inner  and  outer  races 
are  due  solely  to  the  spring  and  centrifugal  forces  just  decribec'  (Figure 
58).  The  reaction  forces  are: 


KTi 

RNt 

RT„ 


R 


Nn 


=  tangential  force  at  inner  race  (lb) 
=  normal  force  at  inner  race  (lb) 

=  tangential  force  at  outer  race  (lb) 
=  normal  force  at  outer  race  (lb) 


99 


100 


The  spring  and  centrifugal  forces  are  determined  as  follows: 

Clutch  design  B  employs  two  garter  springs  (one  at  each  end  of  the 
sprag).  The  total  spring  force  F§p  acts  radially  outward  at  the  corner 
of  the  slot,  Figure  59  (1). 

FSP  =  FSP*  +  FSP” 

P  .  -  2  tt  Ks  (D|  -  D) 


where  N 


number  of  sprag s 
number  of  springs 

spring  constant  (  Ib/in.)  -  measured 

free  spring  diameter  ( in.)  -  measured 

as-assembled  spring  diameter  at  point  of  contact  (  in.) 

Note:  Df  >  D  so  that  spring  always  acts  at  outer  slot  surface 
rather  than  at  inner  slot  surface. 


2  "Ho 
60 


Fsp»  =  mS_D.  o?  NS,  m$  =  KWt  ,  co  =  2  nH0 

2  N  g  60 

fsp..= 

2g  \  60  /  N 

W$  =  weight  of  one  spring  (  gm)  -'measured 

KWt  =  2. 205x1  O'3  (lb  gm) 

10  =  speed  of  the  outer  race  (rpm) 

Clutch  design  A  employs  a  ribbon-type  spring  with  a  center  tang.  When 
the  sprag  is  inserted  in  the  slot,  the  tang  is  deflected,  and  the  spring  is 
assumed  to  apply  a  normal  force  to  both  the  front  and  back  faces  of  the 
sprag  (friction  forces  are  neglected).  The  radial  force  required  to  de¬ 
flect  the  spring  to  its  assembled  position  is  Fs^p. 


where  Y 


difference  between  free  and  deflected  position  of  tang  ( in.) 


The  resulting  spring  force  acting  normal  to  the  front  face  of  the  sprag  is 

fSP'f*  Figure  59  (2) 


cos  (90 --4  SPp  +  <  CF$) 


where  SPp  =  angle  between  a  line  that  is  tangent  to  the  spring  contact  point 
at  the  sprag  front  face  and  a  line  passing  through  the  inner  race 
contact  point  and  the  center  of  the  clutch  ( deg)  -  measured 

CFj  =  angle  between  a  radial  line  to  the  spring  contact  point  at  the  sprag 
front  face  and  a  line  passing  through  the  inner  race  contact  point 
and  the  center  of  the  clutch  (deg) 


The  spring  load  acting  on  the  back  face  of  the  sprag  is  found  from  a  free 
body  diagram  of  the  spring.  The  tangential  components  of  the  spring 
acting  at  the  front  and  back  faces  of  the  sprag  must  be  equal  in  order 
for  the  spring  to  be  in  torsional  equilibrium.  Therefore,  the  tangential 
component  of  the  spring  at  the  front  face  equals  fStjt' 


FStf  s  fSrf  («>-•*  SPF  ♦  <  CFS) 


For  torsional  equilibrium, 


The  spring  force  acting  normal  to  the  back  face  of  the  sprag  is  Fsp'R, 
Figure  59  (2): 


FS 

cos  (  4  SPg 


TB 

+ 


4  CBS) 
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where  <}  SPg  =  angle  between  a  line  that  is  tangent  to  the  spring  contact  point 
at  the  sprag  back  face  and  a  line  passing  through  the  inner  'ace 
contact  point  and  the  center  of  the  clutch  (deg)  -  measured 

=  angle  between  a  radial  line  to  the  spring  contact  point  at  the 

sprag  back  face  and  a  line  passing  through  the  inner  race  contact 
point  and  the  center  of  the  clutch  (deg) 


For  purposes  of  this  analysis,  the  centrifugal  force  of  the  spring  has 
been  applied  to  the  front  face  of  the  sprag,  and  the  contact  points  at  the 
front  and  back  faces  are  the  same  for  differential  and  overriding  modes 
of  operation.  Therefore,  the  effect  of  the  spring's  centrifugal  force  is  to 
increase  the  load  on  the  sprag  without  changing  its  position.  The  cen¬ 
trifugal  force  of  the  spring  is  Fgp",  Figure  59  (3): 


FSP"  = 
FSP"  = 


mS  JL  A  ,  m,  =  WS  KWt 
2  N  9 

WS  «Wt D  /  2tt%\2  _J_ 

2g  '  60  '  N 


CO 


211  % 

60 


where  D  =  as-assembled  spring  diameter  at  point  of  contact  (  in.) 


The  total  spring  forces  acting  on  the  front  and  back  faces  of  the  sprag 
are  RESp  and  RESg,  respectively.  These  resultant  forces  are  found 
by  combining  the  effects  of  the  spring  force  and  centrifugal  force  as 
follows: 


RESp  = 


FSP" 

sin  (<tSPp  -  <fcCFs) 


The  tangential  component  of  the  spring  acting  at  the  sprag  front  face  is 
RESrpp  • 


RESjp  =  RESp  sin  (90-  <  SPp  +  <  CF$  ) 


For  torsional  equilibrium  of  the  spring,  RES-pg 


RES-pp. 
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The  resulting  total  spring  force  acting  normal  to  the  back  face  of  the 
sprag  is  RESg  : 


RESb  = 


RESTB 

cos  (*£  SPg  +  CB$) 


The  sprag  centrifugal  force  for  either  clutch  is  determined  as  follows: 


rCG  " 

r  CG  = 

WG  = 
rCG  = 


m 


G  rCG  “  '  "'G 


vWt 


w. 


2  tt  nc 
60 


KWt  WG 


rCG 


/  2  ) 
'  An  ' 
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weight  of  one  sprag  (gm) 

radius  to  the  center  of  gravity  of  the  sprag  ( in.) 


In  all  of  the  preceding  equations,  the  sprags,  and  therefore  the  springs, 
are  assumed  to  stay  with  the  outer  race  (no  slipping  occurs  between  the 
outer  race  cam  and  the  inside  diameter  point  of  contact).  It  is  evident 
therefore,  that  for  the  overriding  condition  of  operation,  the  sprags 
remain  stationary  with  slippage  occurring  at  the  inner  race,  and  the 
centrifugal  components  of  both  the  sprag  and  spring  equal  zero. 


Now  that  the  spring  and  centrifugal  force  equations  have  been  determined, 
the  normal  and  tengential  forces  at  the  sprag  cam  points  of  contact  may 


be  calculated. 


For  clutch  design  A, 


- 

0  =  RESg 

cos  SPg  - 

— 

RTj  +  FCG 

sin  «*:  CG 

>- 

u_ 

v\ 

= 

0  =-  RESg 

sin  SPg  + 

+ 

RNj  +  FCG 

cos  -fcCG 

IMC 

+ 

0,  RESg 

(Mg)  -  RESp 

RESp  cos  SPp  +  Rj^  cos  P  -  Rn  sin  p 
RESp  sin  «):  SPp  -  Ry  sin  P  -  Rjg  cos  p 
(Mp)  -  Ry  (Rj)  +  Ryo  (f]) 
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where  Mg 


moment  arm  to  bock  face  spring  contact  point  (in.) 
moment  arm  to  front  face  spring  contact  point  (in.) 
inner  race  outside  radius  ( in.)  -  engineering  drawing 
outer  race  inside  radius  (in.)  -  engineering  drawing 


For  clutch  design  B, 

vp^  =  0  —  Fjp  sin  SP  +  F^-q  sin  «$:  CG  +  Ry  cos  p  _  sinp-Ry 

Fy  =  0  =  F^p  cos  <£  SP  f  Fcg  cos  «$CG  -  Ry  sin  p  -  R^  cos  p  +  R^ 

“MC  =  °<  RTj  (RP  =  RTq 

where 

SP  =  angle  between  a  line  connecting  the  inner  race  contact  point  and  center 
of  the  clutch  and  a  line  connecting  the  spring  contact  point  and  center 
of  the  clutch. 


For  both  clutches,  a  fourth  equation  is  needed  for  a  solution.  This 
equation  is  obtained  by  assuming  a  coefficient  of  friction  for  sliding  at 
the  inner  race  point  of  contact: 


where  uk  =  sliding  coefficient  of  friction. 

The  above  four  equations  can  now  be  solved  simultaneously  for  Rjsji, 

RTi»  rN0  and  rTq- 

Now  that  all  of  the  forces  acting  on  a  sprag  have  been  determined,  the 
following  parameters  may  be  evaluated: 

1.  Inner  race  drag  torque  -  This  parameter  is  calculated  with  the  follow 
ing  equation: 

=  N  Ry.  Rj  ( in. -lb) 

2.  Pressure-velocity  factor  (psi-fps)  -  This  factor  is  useful  as  a  wear 
correlating  parameter  in  high-speed  mechanical  components.  A 
value  of  2x10^  is  considered  to  be  within  good  design  practice. 
Pressure  =  Pj. 
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P: 


N: 


i  (psi) 


bjL 


where  R 


N: 


normal  force  at  the  inner  race  ( lb) 


-1r»r^**'VR 


b: 


8  Rh 


ttL 


Ri  Pi 


Rj +  Pi 


l-v2 


Velocity  =  V. 


TT  R 


360 


-  ( Hi  -  n0) 


(fps) 


where  r)j 

nr 


inner  race  speed  (rpm) 

outer  race  or  sprag  cam  speed  (rpm) 


3.  Load  per  inch- velocity  factor  (lb/in. -fpm)  -  This  factor  is  used  by 
some  clutch  companies  as  a  wear-correlating  parameter.  A  value 
of  14,  000  is  considered  to  be  within  good  design  practice.  (*) 


Load  per  inch 

II 

H.” 

( lb  in.) 

Velocity  =  V 

TrRi 

30 

(n,  _  %) 

f 

I 

r 


(*) 


Formsprag  Company,  SPRAG-TYPE  OVER- RUNNING  CLUTCHES, 
Power  Transmission  and  Bearing  Handbook,  1969-1970  Edition, 
Cleveland,  Industrial  Publishing  Company,  pp.  A/1 96- A/202. 
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4.  Hydrodynamic  and  elastohydrodynamic  oil  film  thickness  -  The 

following  equations  are  used  to  calculate  the  elastohydrodynamic  and 
hydrodynamic  oil  film  thickness  :(*) 


hEHD 

hHYD 


1.6  (G)-6  (U)7  R 
w.13 

4.9  U  R 
W 


where  h^D  = 

hHYD  = 
R 

G  = 


elastohydrodynamic  film  thickness  (  in.) 

hydrodynamic  film  thickness  ( in.) 
equivalent  radius  =  RjP;/(Rj  +  Pj) 

materials  parameter  =  a  ^  E  ' 

where  =  pressure  viscosity  coefficient  ( in/  'lb) 

E'  =  materials  parameter  =  E  /(l-v^)  (lb/in.^) 


W 


load  parameter 


Rn  /e*rl 


u 


velocity  parameter 


Y  <VR  +  VG> 
E'R 


where  u0  - 
VR  = 


VG  = 


absolute  viscosity  (reyns) 

tangential  velocity  of  the  inner  race  at  the  contact  point 
Rj  Hi  n/  30  (fps) 

tangential  velocity  of  the  sprag  at  the  inner  race  contact 
point  =  Pj  n0  "  30  (fps) 


(*) 

D.  Dowson,  and  G.  Higginson,  ELASTOHYDRODYNAMIC  LUBRICA¬ 
TION  -  THE  FUNDAMENTALS  OF  ROLLER  AND  GEAR  LUBRICATION, 
London,  Pergamon  Press,  1966. 
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APPENDIX  II 
COMPUTER  PROGRAM 


This  computer  program  was  written  specifically  for  one-way,  sprag- 
type  overriding  clutches.  The  program  calculates  pertinent  sprag 
geometry  data  in  double  precision  for  each  incremented  rotation  angle 
from  minimum  to  maximum  sprag  cam  travel.  Override  and  design 
point  data  are  stored,  so  that  after  incrementing  is  completed,  these 
data  can  be  used  to  calculate  the  design  point  stresses  and  radial 
deflections  as  well  as  the  override  and  differential  speed  point  wear  and 
film  thickness  parameters. 

The  clutch  is  assumed  to  drive  through  the  outer  race  and  override 
through  the  inner  race,  the  sprag  cams  remaining  stationary  with  the 
outer  race.  In  addition,  the  clutches  contain  single  ribbon  or  double 
garter  type  springs,  and  the  inertia  and  spring  forces  act  to  energize 
the  clutch  during  the  overriding  mode  of  operation. 

The  program  evaluates  drag  torque,  load  per  inch-velocity,  and  pressure- 
velocity  (wear  correlating  parameters),  as  well  as  hydrodynamic  and 
elastohydrod /namic  oil  film  thicknesses  for  the  override  and  differen¬ 
tial  speed  modes  of  operation.  Pressure  loads  are  superimposed  onto 
rotational  loads  to  determine  compressive  stresses,  hoop  stresses,  and 
their  deflections  for  the  driving  mode  of  operation. 

Other  specific  features  of  the  computer  program  are  as  follows: 

1.  Cyclic  testing  stresses  and  deflections  can  be  determined  by  in¬ 
putting  the  load  point  torque  and  zero  speed. 

2.  The  slip  or  rollover  point  for  the  overload  test  can  be  determined 
because  the  inner  strut  or  gripping  angle  is  calculated  and  printed 
out  for  the  load  point  condition. 

If  at  >4  degrees,  slip  or  rollover  should  occur. 

3.  Sprag  height  J',  parallel  plate  strut  angle  a,  and  curved  surface 
inner  strut  angle  aj  have  been  subscripted  for  future  addition  of  a 
plotting  subroutine. 
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4.  The  program  can  accommodate  a  maximum  of  six  radii  of  curva¬ 
ture,  three  for  the  inner  race  and  three  for  the  outer  race,  for 
each  input  case. 

5.  There  is  no  limitation  on  the  number  of  cases  that  may  be  run. 

The  subject  program  is  written  in  FORTRAN  IV  language  and  was 
developed  on  an  IBM  370  system,  model  155  computer.  Computer  run¬ 
ning  time  is  19  seconds  for  compile  and  link  edit  and  2  seconds  per 
executable  case. 

INPUT  DATA 


Note:  All  angles  must  be  in  degrees  and  decimal  fractions. 
Card  One  -  Format  (IX,  79H) 

Identification 

Card  Two  -  Format  (6F12.  5) 

Word  1:  Horsepower 

Torque  (in.  -lb) 

Speed  (rpm) 


Word  2: 
Word  3: 
Word  4: 


Coefficient  of  sliding  friction  at  inner  race  for  override 
mode  of  operation 


Word  5:  Number  of  springs 

Note:  Words  1  and  2  -  One  value  must  be  given  and  the  other  value  must 
be  0.  0. 

Word  3  -  design  point  speed 

Word  5  -  use  1.0  for  one  ribbon  type  spring,  use  2.0  for  two 
garter  type  spring 
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Word  3:  'X'  coordinate  for  Word  1  (in.) 

Word  4:  'Y'  coordinate  for  Word  1  (in.) 

Note:  A  total  of  three  values  of  inner  race  radius  of  curvature  may  be 
read  in  as  input  so  that  words  5  through  8  correspond  to  the  sec¬ 
ond  value  and  words  9  through  12  correspond  to  the  third  value. 

Words  3,  4,  7,  8,  11,  and  12  note  proper  sign  convention  used 
in  Figure  61 . 


Ill 


Figure  60.  Computer  Program  Input  Cards  3  and  4 
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Card  Six  - 

Format  (3(F6.  5,  F6.  2,  2F6.  5))  (See  Figure  62) 

Word  1: 

Outer  race  radius  of  curvature  for  override  position  (in. 

Word  2: 

Rotation  angle  for  Word  1.  This  value  must  be  at  the 
junction  point  with  the  next  value  of  outer  race  radius  of 
curvature. 

Word  3: 

'X1  coordinate  for  Word  1  (in.) 

Word  4: 

* Y*  coordinate  for  Word  1  (in.) 

Note:  A  total  jf  three  values  of  inner  race  radius  of  curvature  may  be 
read  in  as  input  so  that  words  5  through  8  correspond  to  the 
second  value  and  words  9  through  12  correspond  to  the  third 
value. 

Words  3,  4,  7,  8,  11,  and  12  note  proper  sign  convention  used 
in  Figure  61. 

Card  Seven 

-  Format  (6F12.  5)  (See  Figure  63) 

Word  1: 

'X'  coordinate  of  center  of  gravity  (in.) 

Word  2: 

'Y'  coordinate  of  center  of  gravity  (in.) 

Word  3: 

Weight  of  one  sprag  (gm) 

Word  4: 

Number  of  sprags 

Word  5: 

Effective  sprag  length  (in.  ) 

Word  6: 

Code  word  for  type  of  output  desired 

Note:  Words  - 
edges. 

-  as  used  in  this  program  neglects  chamfering  of  the 

Word  6:  Use  1.0  for  minimum  output  -  includes  input  data, 
overriding  data,  and  maximum  stresses  and  deflections  for  load 
point. 

Use  2.0  for  all  of  1.0  pit  s  stress  and  deflection  distribution  in 
inner  and  outer  races. 
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NOTE:  WORD  10  =  WORD  5,  CARD  3  (2  MAX) 


Figure  62.  Computer  Program  Input  Card  6 


Use  3.0  for  maximum  output  -  includes  all  of  2.0  and  computer 
table  of  sprag  height  versus  strut  angle  and  other  sprag  cam 
geometry. 

Card  Eight  A  -  Format  (3(F6.  5,  F6.  2,  2F6.  5)  (See  Figure  64) 
(For  use  with  garter  type  spring;  Card  Two  -  Word  5  =  2.  0) 

Word  1:  'X'  coordinate  of  spring  contact  point  on  sprag  (in.) 

Word  2:  'Y'  coordinate  of  spring  contact  point  on  sprag  (in.) 

Word  3:  Spring  weight  (gm) 

Word  4:  Free  spring  diameter  (in.) 

Word  5:  Spring  constant  (lb/in.  ) 

Note:  Word  4:  Spring  is  designed  to  be  compressed  radially  before 

insertion  into  cam  slots. 

Card  Eight  B  -  Format  (3(F6.  5,  F6.  2,  2F6.  5))  (See  Figure  65) 
(For  use  with  ribbon  type  spring;  Card  Two  -  Word  5  *  1.0) 

Word  1: 


Word  2: 

Word  3: 

Word  4: 

Word  5: 
Word  6: 


'X1  coordinate  of  spring  contact  point  with  front  face  of 
sprag  (in.  ) 

'Y'  coordinate  of  spring  contact  point  with  front  face  of 
sprag  (in.  ) 

'X'  coordinate  of  spring  contact  point  with  back  face  of 
sprag  (in.  ) 

'Y'  coordinate  of  spring  contact  point  with  back  face  of 
sprag  (in.) 

Spring  weight  (gm) 

Spring  deflected  height  (in.) 
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Word  7:  Spring  constant  (lb/in.) 

Word  8:  Angle  between  front  face  contact  point  of  spring  and 

inner  race  contact  points 

Word  9:  Angle  between  back  face  contact  point  of  spring  and 

inner  race  contact  points 

Note:  Only  one  card,  either  8A  or  8B,  is  to  be  used  in  each  case. 

OUTPUT  DATA 


The  short  form  (input  Card  7,  Word  6  =  1.0)  of  computer  program  out¬ 
put  for  both  clutch  designs  A  and  B  is  shown  in  Figures  66  and  67. 

The  first  1J  or  13  lines  following  the  heading  represent  input  data. 

The  next  section  of  output  relates  to  sprag  cam  geometry  and  is  only 
obtained  with  extensive  printout  (input  Card  7,  Word  6  =  3.0).  Two 
sample  rows  of  values  beginning  with  ’SIGMA  ANGLE'  are  listed. 

For  105  increments  there  would  be  105  rows  of  data,  and  each  row  would 
represent  a  1 /2-degree  increment  on  'SIGMA  ANGLE'.  The  significance 
of  each  term  is  explained  as  follows: 

SIGMA  ANGLE  -  Angle  of  rotation  of  sprag  cam  as  explained  in  the 
input  section  of  the  computer  program  discussion. 

J  PRIME  -  Flat  plate  dimension,  sprag  height  as  measured  between 
flat  plates. 

INNER  STRUT  OR  GRIPPING  ANGLE  -  Flat  plate  dimension,  angle 
between  strut  and  inner  race  contact  point  correspond  to  J  PRIME. 

Note:  The  two  preceding  values  are  used  by  sprag  clutch  manufacturing 
companies  as  a  means  of  sprag  cam  inspection  (see  Figures  68 
and  69). 

STRUT  ANGLE  INNER  AND  STRUT  ANGLE  OUTER  -  Curved  surface 
dimension,  angle  between  strut  and  inner  and  outer  radii  contact  points 
respectively  for  an  actual  clutch.  These  values  relate  to  the  ones  pre¬ 
viously  discussed  except  that  now  the  flat  plates  have  been  replaced  by 
the  curved  surfaces  of  an  actual  clutch.  All  computer  program  stress 
calculations  are  based  on  the  curved  surface  strut  angles. 
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<««  CLUTCH  CRSi  MS  SCO  (HI ITtatt  CLUTCH*** 


. .  HOI. 0710 

IHTO  IRFNI . . . .  1**00.0000 

«  COORDINATE-STRING  MONT  RACE  TINT .  0.101* 

T  COOAOINATE-STRING  FRONT  F*Cf  I  INI  .  -.0**4 

STRAG  CCNTACT  ANCLE-FRONT  F*C(  (DEC. I  ....  1«.4U0 

SFR4C  CONTACT  ANGLE-BACK  FACE  1016. |  ....  14.1400 

S FA  INC  HfICHT  ICNI  .  1.11)0 

NO.  OF  STRINGS  .  I.OOOU 

STRING  HEIGHT-TREE  UNI  .  0.0400 

STRING  CONST  ILS/INI  .  4.1400 


SUM.*' 

TORQUE  1 1 N-LBSI  .  3*70.0000 

FRICTION  COCFF.  ISLIOINGI  .  0.0*00 

R  COOROIN*TE-STRINC  BACR  FACE  IIN)  . -0.0*14 

T  COORDINATE-STRING  RAC*  FACE  UNI  . -0.0114 

R  COORDINATE-C.G.  I  INI  .  0.011) 

T  COORDINATE-C.G.  I  IN)  .  0.004) 

STRAG  HEIGHT  |GNI  .  *.*1*0 

NO.  OT  STRAGS  . . . .  10.0000 

EFFECTIVE  STRAG  LENGTH  | IN)  .  0.44*0 


l/TI 


INNER 

INNER 

RACE  0.0.  • 
RACE  1.0.  . 

••  2*1942 

. .  1 • 0000 

OUTER  RACE 

I.D.INOM.I  . 

number 

OF  INCREMENTS  . . 

..  109.0000 

sign*  angle  ideGreesi  ....  **.*oooinini . 

FLAT  PLATE 

DIMENSIONS 

CURVEO  SURFACE  DIMENSIONS 

SIGMA 

INNER  STRUT 

STRUT 

ANGLES 

RACE 

CG 

Of  FF 

ANGLE 

j  trine 

angle 

INNER 

OUTER 

1.0. 

ANGIE 

ANGLE 

IOEGI 

1  INI 

IOEGI 

IDEGI 

IOEGI 

1  INI 

IOEGI 

IOEGI 

•4.0000 

0.3767 

3.0464 

3.39)4 

2.6924 

2.4100 

0.47) 

0.091 

04.  900C 

0.  WAR 

3.08)4 

3.9444 

2*4441 

2.410) 

0.476 

0.04) 

1.4041 
).  1*00 

1 ll.OOOOf NAR| 


OVERRUN  ♦  DIFFERENTIAL  STEED  TOINT  VALUES 


SIGH*  ANGLE  lOEGREFSI  .  lf.0000 

INNER  STRUT  ANGLE  IOEGREES .  1.T1I1 


TENCENT 

STEED 


T  V 

ITTII  IFTNI 


INNER  OUTER 
T-V  RACE  RACE 

STEED  STEEO 
ITTI-FTNI  IRTNI  IRTNI 


DRAG 

TOROUE 

IIN-L4I 


OEFlfC 

OUTER 

;TEO  OUTER  Ri 
STRUT  ANGLE 

ICE  1.0.  II 
IOEGREESI 

SPRAG 

INI  a  a . . 

* .  •  • 

2.4047 

2.0700 

FILM 

SPRING 

FUN 

MRS 

PRS-V 

CINTRIT. 

SPRING 

CENTRIP. 

THK. 

THK. 

FORCE 

FORCE 

FORCE 

mvd. 

f  HO, 

1  MS  1  1 

ITSI-FTSI 

11*1 

1  L  01 

u*i 

(MICRO 

'INI 

HITH  STRING 


0.0 

1«4) 

144)4. 

2RB04. 

26900. 

o. 

1.38 

1)740. 

342990). 

0.0 

0.11 

0*0 

344.30 

32.79 

29.00 

•  .49 

11214. 

100449. 

24300. 

4629. 

6.47 

74624. 

9940294. 

14.7 

0.31 

0.44 

99.91 

21.4) 

90.  OC 

10.04 

7400. 

774644. 

26900. 

1)2*0. 

21.94 

94269. 

47491)1. 

74.4 

0.31 

1.44 

11*0) 

14.11 

FI 

311  \ 

>■;«•»**< . 

764  30 . 

1  7*1*,. 

U,  >1 

J  # 

P’.T 

3.M 

l, 

4 ,40 

n," 

79.00 

69.14 

3  740. 

24)704. 

26900. 

14079, 

46.7) 

74441. 

4402607. 

177.4 

0.31 

4.37 

7.94 

7.09 

100.00 

114.34 

0. 

0. 

26900. 

24900. 

•2.01 

109047. 

0. 

304.4 

O.M 

7.70 

0.0 

0.0 

HITHOUT  STRING 


0.0 

0*0 

14499. 

0. 

24900. 

0. 

0.0 

0. 

0. 

0.0 

0.0 

0*0 

29.00 

4.0) 

11219. 

49200. 

26900. 

6429. 

2.09 

14074. 

3716129. 

19.2 

0.0 

0.0 

123.4) 

24.3) 

90.00 

16.17 

7400. 

1209)1. 

26900. 

1)290. 

11.99 

34747. 

44940 34. 

76.6 

0.0 

0.0 

70.47 

19.30 

66.66 

20.69 

4907. 

142094. 

269J0. 

17664. 

20.94 

97944. 

4404463. 

1)6.7 

0,0 

0.0 

7.72 

10.69 

79.00 

34.26 

3740. 

1)9400. 

269)0. 

14679. 

26.00 

99671. 

3716129. 

172.4 

0.0 

0.0 

4.97 

0.47 

ICO. 00 

64.46 

0. 

0. 

269)0. 

24900. 

46.21 

74494. 

0. 

306.4 

0.0 

0.0 

0.0 

0.0 

LOAD  TOINT  VALUES 


SIGH*  AnGlE  I  DEGREES)  .  *4.0000  DEFLECTEO  OUTER  RACE  1.0.  UNI  .  1.4100 

INNER  STRUT  ANGLE  IOEGREES!  .  ).*»)*  OUTER  STRUT  ANGLE  IDEGREISI  .  1.4)14 

NIKTAl  LlAi:  ALK  SfMRu  »T  JUT  EH  EACt  CUNTACT  TCIM  III*)  ...  14NR. 


nulEN  Ac  I  1.7.  IIJJR  ITRESS  «A«.  IRSII 


SU04.  CE  Flier  ION  UNI  . 0.0011*4 


|\<H  "(All 
m  r  c «  .«  al  f 


NAX.  -  MtMT/  nsn 
*1*139  4AX.  -  FfRTI  IPS  I  I 


343904.  CEKEcrio*  im  .  c.cccen 

209 101.  DEFECTION  UNI  . O. 000009 


Figure  66.  Computer  Program  Output  Data 


Clutch  Design  A. 
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SFRAG  CLUTCH  CASE  AFC  PGM  (Cl-417751  CLUTCH  »fla 


HORSE  ACHE R . .. . .... .  1501.0710  TORQUE  I  IN-LBSI  . 

SPIED  IRPMI . . . . . 76500.0000  FRICTION  COEFF.  I  SI  101  NG  I 


Gil T-l .4- 
1)70.0000 


0*0)00 


1/72 


I  COOROINATC-SFRING  (IN)  . * .  0.108) 

V  COORDINATE-SPRING  (IN)  . -.0417 

SPAING  HEIGHT  (CM)  .......................  2.0248 

NO.  CF  SFRINGS . 2.0000 

SFRING  01  A. -FREE  (IN)  . . . .  2.  5400 

SPAIAG  CONST  (Ifl/INI  . . .  2.5147 


I  CUOROINATE-C.G.  I  INI  .  0.0202 

V  COOROlNATE-C.G.  I  INI  .  0.02)0 

SFRAG  HEIGHT  IGNI  .  4.4100 

NO*  OF  SFRAGS  . .  24.0000 

EFFECTIVE  SFRAG  LENGTH  (IN)  .  0.8800 


INNER  RACE  0.0.  . .  1.7)00 

INNER  RACE  1.0 . . . . .  1.0000 

NUFBER  OF  INCREMENTS  . . .  105.0000 


OUTER  RACE  I.D.INON.)  .  2.4040 

OUTER  RACE  0.0 .  1.0)50 

sigma  angle  ideGreesi  ....  5).)oooimini .  u?.oooo(naxi 


FLAT  FLATE  OIMfNSIONS  CURVED  SURFACE  DIMENSIONS 


SIGMA 

J  Mint 

iMNt.  suur 

STRUT 

angles 

outer 

race 

CG 

DIFF 

ANCLE 

angle 

1 1NE  A 

OUTER 

1.0. 

ANGIE 

ANGLE 

IDEGI 

1  IN) 

IOEGI 

IOEGI 

IOEGI 

1  INI 

1  n.  (j, 

IOEGI 

8I.000C 

0.110) 

2.4724 

1.11)5 

2.26)5 

2.4112 

1 .01) 

0.16) 

81.500C 

o.  no. 

2.4)46 

1.1451 

2.2820 

2.4115 

1.024 

0.14) 

OVERRUN  ♦  differential  SFEFO  POINT  VALUES 


INNER 

OUTER 

SFRAG 

SPRING 

FILM 

Fli  M 

FERCINT 

F 

V 

F-V 

racf 

RACE 

DRAG 

FRS 

PRS-V 

CENTRIF. 

SPRING 

,  CF  NTR |F , 

.  thk. 

THK. 

SPffC 

SFftD 

SPEFD 

TORQUE 

force 

FORCE 

FORCE 

nvn. 

FMO  . 

1  PP|  1 

IF  PM  | 

CPPl-FPHI 

IRPM) 

(RPNJ 

1  IN-LAI 

IPSI! 

(PSI-FPS) 

ILRI 

1  LB  1 

I  LA! 

1 N ICPO- IN | 

»Ith  spuing 

o.o 

2.12 

12141. 

254  IQ. 

26500. 

«. 

1.95 

mu. 

2698777. 

0.0 

0.46 

0-0 

246-57 

29.86 

*».oo 

6.59 

9105. 

59975. 

26500. 

6625. 

6.09 

21515. 

1571  786. 

18.1 

0.46 

O.st 

71.61 

21.06 

50.00 

20.00 

6070. 

12141  ). 

26500. 

1)250. 

|S.»» 

4101 1. 

414942). 

77.4 

0.46 

7.01 

15.68 

13.  71 

45.15 

42)1. 

1)74)1. 

24500. 

17265. 

)0.0l 

52266. 

1685611. 

121.0 

0.46 

).A5 

6.71 

10.01 

75.00 

42.16 

)0J4- 

128564. 

265)0. 

19675. 

14.  |  4 

S«6»». 

1019264. 

161.0 

0.44 

4.57 

1.70 

7.66 

100.00 

71.64 

0. 

0. 

26500. 

26500. 

68.06 

78705. 

o. 

299.8 

0.46 

A.n 

0.0 

0.0 

hithoui 

SPRING 

0.0 

0.0 

12141. 

0. 

26500. 

0. 

0.0 

0. 

0. 

0.0 

0.0 

o.o 

— 

li.Ol 

2.1) 

9  106. 

19)96. 

265J0. 

6625. 

1.97 

13)84. 

20)1224. 

18.1 

0.0 

0.0 

220.87 

24.  19 

50.00 

8.52 

6071. 

51721. 

26500. 

1)250. 

7.87 

26769. 

2708249. 

77.4 

0.0 

0.0 

16.F1 

15.  14 

66.46 

15.15 

404  7. 

61)01. 

24500. 

1 7666. 

14.00 

15690. 

2407467. 

128.6 

0.0 

0.0 

11.81 

10.  72 

75.00 

D.I7 

10)5. 

58198. 

26500. 

19875. 

l».M 

*0|SS. 

2011224. 

161.0 

0.0 

o.o 

8.19 

8.50 

100.00 

14.. 18 

<*. 

0. 

24500. 

26500. 

31.49 

5)5)7. 

o. 

289.8 

0.0 

0.0 

0.0 

0.0 

LOAD  POINT 

VALUES 

8  3.0000 

NLXMA1 

LUFC  »‘t*  S  »KA„ 

AT  OUT  Em  «ACt  CONTACT  PCI 

NT  MAI  ... 

U22. 

IN'tM 

l  Vt  STMl  iS 

- 

F  1  H  T  2  IPSI 1  . 

.  147584. 

DEEL  1C  TION 

UNI  . 

...  o.i 

OCO  76* 

ilUTf*  *40 

IG"Fml**IvI  STRESS 

“A*  .  - 

HPT/  IPSI)  . 

.  2940)9. 

1)1  FLIC  T!  UN 

UNI  ..... 

....  0.1 

D00741 

Figure  67.  Computer  Program  Output  Data  -  Clutch  Design  B. 
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Figure  68.  Strut  Angle  Versus  Sprag  Height  for  Clutch  Design  A. 


OUTER  RACE  I,  D,  -  Value  that  the  outer  race  inside  diameter  would 
need  in  order  to  correspond  with  the  curved  surface  inner  and  outer 
strut  angles. 

C.  G.  ANGLE  -  Angle  between  the  center  of  gravity  force  component 
and  the  inner  race  contact  point.  See  Figure  58. 

DIFF.  ANGLE  -  (<$[CG  -  See  Figure  58.  As  long  as  this  angle 

remains  positive,  the  sprag  centrifugal  force  will  act  to  energize  the 
clutch. 

The  next  section  of  output  data  is  entitled  'OVERRUN  +  DIFFERENTIAL 
SPEED  POINT  VALUES'. 

The  first  two  rows  of  data  define  the  actual  contact  points  of  the  sprag 
on  the  inner  and  outer  races  as  explained  in  Appendix  I  and  as  shown  in 
Figure  54(2).  At  this  point,  the  calculated  value  of  'DEFLECTED 
OUTER  RACE  I.  D.  '  is  equal  to  the  nominal  input  value  (Card  4,  Word  1). 
It  is  assumed  that  all  override  and  differential  speed  modes  take  place 
at  these  points  of  contact. 

The  override  mode  occurs  at  zero  rpm  outer  race  speed  and  26,  500 
rpm  inner  race  speed  (design  point).  As  the  outer  race  increases  in 
speed  (differential  mode),  the  sprags  will  rotate  also  (sprags  assumed 
to  remain  with  outer  race).  The  effect  of  sprag  and  spring  centrifugal 
force  will  now  be  felt  as  increased  'DRAG  TORQUE'  at  the  inner  race 
contact  point.  The  same  four  points  of  differential  speed  mode  of  oper¬ 
ation  are  calculated  for  every  case.  These  points  are  listed  under  the 
'PERCENT  SPEED'  column  as  25,  50,  75,  and  100.  The  race  speeds 
are  listed  under  the  columns  entitled  'INNER'  and  'OUTER  RACE 
SPEED'.  A  fifth  point,  representing  the  maximum  'P-V'  value, 
is  also  listed.  The  'P-V*  factor  in  (lb/in.  -  ft/min.  )  is  a  wear 
correlating  parameter  used  by  some  sprag  clutch  manufacturers.  'P' 
is  the  normal  load  per  inch  of  effective  sprag  length  and  'V'  is  the  rel¬ 
ative  tangential  (sliding)  velocity;  both  values  are  determined  at  the 
inner  race  contact  point.  If  the  spring  effect  is  neglected,  the  maxi¬ 
mum  'P-V'  value  occurs  mathematically  at  r|0  =  (2/3)  r|i .  This  value 
is  shown  in  data  headed  'WITHOUT  SPRING'. 

When  the  spring  effects  are  accounted  for,  the  maximum  value  occurs 
at  a  slightly  different  percent  speed  (65.  1  5  percent  for  design  B,  and 
64.  38  percent  for  design  A). 
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The  'PRS-V'  factor  in  (lb/in.  2  -  ft/  sec)  is  also  a  wear  correlating 
parameter  used  by  industry  in  the  design  of  othe r  mechanical  compon¬ 
ents.  'PRS'  is  the  normal  load  per  square  inch  of  contact  area  as  de¬ 
fined  by  Hertzian  equations.  'V'  is  again  the  slicing  velocity.  Both 
values  are  determined  at  the  inner  race  contact  point.  Values  in  the 
other  columns  listed  in  this  section  are  calculated  at  each  percent  speed 
point  according  to  the  formulas  presented  in  Appendix  I. 

The  next  section  of  output  is  entitled  'LOAD  POINT  VALUES.'  As  the 
outer  race  comes  up  to  the  design  point  speed  and  then  starts  to 
transmit  torque,  the  outer  race  expands.  When  the  radial  growth  of 
the  outer  race  inside  diameter  due  to  loading  and  centrifugal  force  effects 
matches  the  value  calculated  from  sprag  geometry,  the  correct  position 
of  sprag  contact  on  the  raceways  has  been  found.  The  first  two  lines 
of  data,  i.  e.  ,  'SIGMA  ANGLE'  and  'INNER  STRUT  ANGLE,  '  represent 
this  geometry. 

The  next  line  of  output  represents  the  tangential  stress  at  the  outer  race 
inside  diameter  and  the  corresponding  radial  deflection.  Both  values 
are  a  maximum  at  this  point,  and  they  are  arrived  at  by  superimposing 
the  pressure  loads  onto  the  rotational  loads.  The  next  two  lines  of  output 
represent  the  compressive  stress  and  deflection  at  the  inner  and  outer 
race  contact  points,  respectively.  A  FORTRAN  listing  of  the  computer 
program  follows. 
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FORTRAN  LISTING  OF  COMPUTER  PROGRAM 


C  SPKAG  CLUTCH  DESIGN  -  BY  AL  MEYER _ _  _ _ 

IMPLICIT  REAL *8  (A-H,0-Z) 

_ KRl)  =  5 _ 

KPR*fc 

01  ME  NS  I  ON  X  JPR! 1 200 »  ,  AL  FPI200 1 .  AL  f  1 1 200  I  * R H3  1 1  3 1  *  »  I GMI  (  3 ),  XI I  3  ),  VI 
1(3) ,  RH3J I  3  It  SI GMU I  3 )  •  XOI 3 ) • VOC  3) , SI G MAI  2 00) 

PI*3.141S9263 _  _  _  _ 

Z=P  1/180.0  . 

6RAVTY  *386*4 
GR  AMLfl® .CC2205 
£  LjM(iq*29. 0*1 0. 0**6  .0 
PUISSN*0.25 

KTDENS*.282 _ _ _  _ _ 

COPRVI* .0CCC95 
RtYNS=. 00000073 

1  READIKIO,  1000) 

RtAOl  KRJ.1002)  HORPOW, TOPC ,SP EEC , FR COSL . S PRNGS 
REAO  IK<1),  1002)XIRID,X1R0D,  SI  NC ,  SIG M 1  N  , S!  GMA X 
RtAOl  KKU  ,  l  002  )  XOK I U, XUPOC 

KtAOURO,  i00  3)RHO!  (  1 )  .SIGMll  ll.XlIl)  ,Yll 1)  ,RH0I(2)  ,  Sf3 MI  ( 2  I ",71  T? > 
1V1 ( 2) ,RH01( 31 , SIGMI (J> ,XI(3I  ,Y 1(3  I 

RtAOlKRD,  103  3  )  RHUO  (  1 1,  SIGM01  II,  XOI  1)  ,YDC  1)  ,RH0U(  2)  •  SI  3MOI 2  )  , X 0 (2  I  , 
IYUI  ?) , KHDCI 3 ) , SI  CMC  13) , XD (3 ) ,YUI3> 

K  fcA  ■)  l<  3  l)»  1002  IXCG,  YCG,  RISPAG,  SPRAG  S,  V.IDTH  ,C03E  1 
_IH  SPRN9S.E0.1  .0)  GO  TO  490 

KEAOlkVj,  1003JXSP,  YSP'.WTSPNG.OSPRNG,  SPRNGK  ' 
aU  TC  4  91 

4*0  Kt  A!)  ( K  10  >  1003)  XSF  ,YSE  ,XS8  ,YSB  ♦  H  SPNG  ,S  PNGHT  ,S  PRNGK ,  ANGSPF, ANGSP8 
4*1  RKIT  E IK  P A , 1 1 03  I 
nKI  TE( KPR  ,1000) 

_ _KRITE_(Kf<j.lOQl_)  _  _ 

I  F  l  rt  ORPOW ) 2 ,3 , 2 

2  TJK  )=630?5.0*HQ(vPI)K/SPtr.O 
G 0  TC  4 

1  HURPOW-TURQ* SPEEO/fc3025.C 
4  kKITEIKPR, 10041 HORPOW, TORO 

KRlTFIKPI,1005ISPEF0,EKt0SL  _  _ 

IH  SPRNGS.EQ.l  .0)  GC  TC  499 
WRIT  F  <K  RR  ,  1006  IX  SP.XCG 
hKl Ttl KPR  ,1007) YSP.YCC 
WR  ITFIKPA , 1008  )  W f SPNG , MT SP AG 
WKl TE( KPR, 1 009 ) S PRNGS, SPKAGS 

WRlTEIKPl,  1012  I0SPRNG  ,Wl OTH  _ _  _ 

" RRl  TEI  KPR ,  1  01  3 ) SFRNGK 
Gu  Tfl  496 

493  nklTEI KPR, 1023 1XSE.XSB 
HKlTfclKRR, 1024IYSE ,YSB 
nRI  TEI  KPR  ,1  02*))  ANGSPF,  XCG 
WRITE! KPR,  1026) ANG  SPB , YCG 
WRIT  E IK  PR, 1008 IWTSPNG,WTSPAG 
Mkl  TM  KPR  ,1  009)  SPRNGS  ,SPRAGS 
WRlThlKPl , 1027ISPNGHT ,MI0TH 
taKl  TH  KPR,1013)SPRNGK 
496  RKITEIK>R,  lOniXlKOO.XORIO 
RKlTtl KPR,10??)XIR1U,XCRCO 


WRITE (KPR  ,  1011 1SINC.SIGMIN, SIGMAX 
IMCCOtl.  LT.3.0)  GO  10  500 
rfRITEIKPR  ,  10141 
hKlTEI  KPR, 1015) 

1=1 
J=1 
.M=  1 

rtKl  TE(  KPR  ,10 14  IX  !  (  1)  ,Y  I  ( J1  , R  HO  I  (  I)  ,  S  IGM  I  <M  ) 
ilGM  l(H  1=  SIGM  I  ( M  )*Z 

1=2 
J=  2 
M=2 

WRITE(KPR,1017)Xl(I),YI(J)  ,RH01 (  I  I  , SIGMI ( Ml 
iIGMl  (  Ml =S IGMI ( M) *  Z 
1=  3 
J  =  3 
M=3 

rtRITE(KPRflOmXl,IlfYI(J),RK)I(ll,SIGMI(M) 

S  loM I (M 1=  SIGMI  (M  |*Z 

11=1 

JJ=  1 

MM=1 

WKITE(KPR,1019)XG(II  1  ,  YO  (  J  J  I  ,RHOO(  I  I)  ,SIGMO!  MM) 
S 1  u  MCI  MM)  »S  I GMC  t  MM)  *  Z 
11  =  2 

J  J=2 
MM=  2 

WRI T  E (  KPR.102D1X0I  I1),Y0(JJ) , RHOO(  I  I  ) , S  IGMO (MM  1 
i IGMO (MM 1  =  S IGMO (MM  )*Z 
I  I  =3_ 

0J  =  3 
MM=3 

MR  ITEIKPR,  1021  )X0( I  I  1  ,  Y0( JJ ) ,RHOC(  I  I  1  .SIGMCK  MM I 

SI  G  MCI  MM)  =SIGMC(MM)*Z 

MR  IT E (K>R ,  1033 1 

WRI T  8 (  KPR, 1034) 

dKITE(K5R,  1035  ) 

MRI TE(  KPR, 1036) 

MR  ITE (KPR ,  1039 ) 

GO  TO  5  03 

500  00  501  M=  1, 3 

SIGMI ( M|=S IGM[ (  M  )  *  Z 

501  QJyT  INIJE 

00  602  MM= 1 , 3 
SIGMOI  MM) =SI G MC ( MM)*  Z 

502  CoRUMUE 

503  3=1 

SIGMA (\ )=  SIGMI M*Z 

SI  G  I  NC  =  (  SI  GM  AX— S  IGM  IN)  *Z/  (S  INC) 

1=1 
1  I  =1 
J=  l 
JJ=1 
_K=  1 
KK  =  1 
M  =  1 
MiM-1 
L=  l 
LL  =  1 

ISINC=SINC 
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FORTRAN  LISTING  OF  COMPUTER  PROGRAM 


C  *P<AG  CLUTCH  DESIGN  -  BY  AL  MEYER _  _ _ 

IMPLICIT  REAL  *3  (A-H,0-2J 

_ KR0*5 _ _ 

KPR*  6 

DIMENSION  XJPRH200)  ,ALFPC200),  AL  F  1 1 200  ),RH3  I  (  3  >,  >  1 GMI  (  3),  XI  I  3),  VI 
1 C  3) , RH3J  C  3 1«  SI  GMIIC  3 ) »XOI 3)  *  Y0(  3)  ,  SI 6 MAI  200) 

PI  »3. 141  59263 _  _ _  _ _ 

2*P 1/180.0 
GRAVTY  *386.4 
CKAML8- .CC2205 
£LjM00*29.0*10 .0**6  .0 
PUISSN*0.25 

_ WIDE  NS 1 . 2  82 _ _  _ _ 

CJPRVl* .0CCC95 
REYNS3.  0000007  3 

1  A  EAO  (X  3  0 , 1000) 

AEAO(  KRl)  ,100?)  HORPOW,  TOPC  ,SP  EEC ,  FR COSL ,S  PRNGS 
KfcAOIMD,  1002 )XIR1D,X1K0D, SINC,  SIGM I N , SI GMA X 
READ! KKU, 1 002 ) XORID.XOPOC 

AtAUIXRO,  i00  3)RHC)i  I  1 ),  SIGM1I  1 1,  XI  111  ,Vl  111  .RH0II2)  ,  SfGMlT?!  ,Xl  UTT 
1 VI  (  2),RHOI(3) , SIGMIIJ) ,X 1(3) ,V I m 

RcADIMD,  100  3)  RHOO  I  1I,S1GM0(  1),  XU  I  1)  .VDI  1)  ,RH00(?)  ,  SI  3M0I 2 1  ,  X  0 12  I  , 

1 YUI  ? )  ,HMDC(  3  )  ,  SIGM0I3)  ,XC1(3)  ,YU(3) 

KEA0K30,  1002IXCG,  YCG,  WISP  AG,  SP  RAGS,  WIDTH  .CODE  1 
IMS  PRNGS.  EQ.1  .0)  GU  TO  490 

K  EAO IKT  J ,  100  3 ) XSP , YSP  « WT  SPNG,0SPRNG» SPRNGK . 

s,U  TC  4  01 

400  RtAOIK 10  t 10031  XSE  ,YSE ,XSB ,YSB , W TSPNG ,S PNiHT ,S  PRNGK , ANGSPF, ANGSPB 

401  WRIT ECKPA, 1100  | 
wKl  TE(  KPP  ,10001 

_  Wk I T  E (K J  3  ,  100 1  )  __  _  _  _ _ 

( E  I  H ORPOW 12,3,2 

2  TOR  )=63Q?5.0*HnkP()W/SPEED 
k,U  TC  4 

J  HUkPOWMURO*  SPEED/63025.0 
4  wKITElKPR,  1004)H(IRP0W,T()R0 

WKlTE(KP<,iq05ISPEF0,EKC0SL  _  _ 

ibi  S  PRNGS.  EQ.r.O)  GO  TO  495 
WKITF(KPR,1P06IXSP,XCG 
Wkl Tt( KPR.1007) YSP.YCC 
WK  ITFIK2R , 1008  ) W TSPNG , WT SP AG 
WKl TEC KPR ,1009 ) SFRNGS, S PR AGS 

__  WK  IT  E  (KPT  ,  1012  IDSPRNG, WIDTH  _  _ 

"  WRITE!  KPR, 101  3 )  SFRNGK 
Gu  TD  406 

495  WRITE!  KPR, 1023  )XSF,XSe 
WKlTE(K?R, 1024IYSF ,YSB 
mRI TEC KPR ,1029) ANGSPF, XCC 
HKUE(  KPR,  1026)  AN3  SPB,  YCG 
WRITE (KPR, 1003 IWTSPNG.WTSPAG 
WKI TEC KPR ,1009) SFRNGS  ,SPRAGS 
WKlTE(K?3 , 1027)SPNGHT , WIDTH 
WRITE!  KPR  ,1  01 3  )  S  FRNGK 

496  WK  I T  E (K»A ,  lOlOIXlKOD,  XORID 
_ WKI TE(  KPR ,102? I  X IRIU.XORCO 
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I  SI  NC=I  S I KC+i 

C  KaUIAL  GROWTH  OF  nUTEk  RACE  DUE  TO  ROTATION 

b2  =  (  (3.0*PUISSN)/a  .0)  *(WTOENS/GRAVTY  )*IP  l*SP  FE  0/ 30. 0 )  *1  PI  *  S>EE  D/30 
1  .0) 

d3=l 1.0* 3.0* PHIS SN)  ✓  ( 3  .0*FU1SSN> 

_STR3T2=B?*C  10.  5*X1IR0U*X0RU0)*I  XORI  D*.2t>*  XORIDI  *(  l.  0-B3)  I 
OKKOT 2=0. 5*X OK  I  D* ST  ROT 2/ ELSMOD 
XUK I DR=  XOR ID  *2 . 0*URRO  T  2 

STA0T3=B2*(I  0.  5*  XI)R1D*X0R  I  0)  ♦  (XOROD*  .2b*XQR0D  I  *(  1.0-B3I  I 
UkKJT3=0.‘>*X0K0D*STR0T3/ELSM0D 
XURflDR'SX OkCO+2  .0*URR0T3 
C  _ END  OF  RADIAL  GROWTH  CALCULATION 

5  00‘50'N=r,IS INC 

6  CtNO  IS=USQR  T  1 1  X0<  I  I  >-  X I  (  I  I  I**  2*1  Y!  1  JI-YCl  JJ)  1**2) 

IFI YII  Jl  .GT.VOl  JJ)  )  GC  TO  7 
XLAMfl=DARSIN((YO(JJ)-YI( J)  l/CENDIS) 

fHE T A=(  90.0*71  -S  IGMAINM-XLAMB 
_ANG*  (9  )  .0  *2  l-THETA 
GO  TC  H 

7  XLAHB=DA  TAN  1  (  YI  (  J)  -  YOl  JJ  )  I  /l  XOl  1 1  l-X  1 1  I))  ) 

THE  T  A=S  I  GMAI  N)  -I  90  .0*2) *XL AM8 

AN&=  <91.0*2  )*THET A 
d  XX =C END I S*0C0S1 THETA) 

TY=C_ENDI  S*DSIN  1  THE  TA  ) 

X  JPKI  {'  Nf  «YY*  RH0I1  I )  *  RFCOl"  I 1) 

1F1Y01JJ  )  .GT.YI1  J  )  JXJPKI  1  N  )=RHU  1 1  I  )+RHU()l  I  I )  -VY 
ALF  PI  N)  *0  ATAN1  XX/XJPRKN)) 

XXPR IC  =  RHOI 1  I  I *1 .5 *Xl ROD  ) 

AKC=DSQR1  I  CFNIlI  S*CtNDIS*XKPR  IC*X  KPR  IC-2  .0*CENI>  IS*X<PRI  C*DCOSI  4NGII 
RU*  XKC  *-RHOO  1 1  I  I 
000=2.0*  RO 

dtT4=UA3SIN<CENO! S*DSINI ANGI/XKC) 

ALF I  IN) =OAT ANI KO*l  CS  1M  BET  A) )/ 1 1RU *1 CCOS (BETA ) I )-< . 5*XIR01 )) I 
ALF0=4L  F  I  IN  )-JETA 

c  center  of  gravity  calculation 

wJCG*DSJ<TU  XCG-XI  II  ))«*2*mt  JI-YCG)**2) 

XOMEGA=DAT ANI DABS  I (YI  1 JI-YCGI/ (XCG-X III)))) 

SUM  4NU*  S I GM4  IN)-  XOMEGA 

IF  I  Y 1 1  J) .GT.YCG)  SUHANC*S I  CHAIN) *XOMEGA 

CGC  =  DS  J 3  T  l«i»AIC*XKPRIC*CDCG*CDCG-2.  C*XXPRI  C*CDC3*  DCOSI  SUMAN5)  ) 
ANjCG=0  ARS  I  Nl  CCCG*OS  IN  I  SUM  ANG)/  CGC  ) 

DEL  ANG*  A N GC 5- 3 1  T A 

C  tNd  CF  CFNTfcR  OF  GRAVITY  CALCULATION 
S13MAIN)  =  SIGMA  I  N)  /2 
T  HE  T  A=  T  H  E  T  A/  2 
Jt  T A=RFT  A/ 2 
ALFP IN l=ALFP IN  )/2 
ALF  I  I  N)  =  ALF  1 1  N)  /  2 
ALF  J  =  AL  FO/7 
AiijCG* ANGCG/  2 
CtL  ANG=  OtLANG// 

II  I  K.GT.l.OR.KK.GI  .1)  GO  TO  9 
IF  (CODE  1  .LT .3.0)  GO  TO  5C9 

WKI  TF1  KPK.103  7)  SIGMAIN)*  XJPkl(N)  ,ALFP  IN) ,  ALF  I  IN ) ,  ALFO,  DJO,  ANGC  G,  PE 
1LANG 

SO1)  CONTINUE 

SIGMA!  N)  *  SIGMA  I  N)  *  2 
I HET  A=T  HcT  A*2 
ilt  T  A=!1ET  A*2 
ALFP  IN )  =  ALFP IN  )*2 


A'.FIIN)*AIFICN)*/ 

iLFO«ALHI*Z 

SIU HA(  Nl  »SIGNA(  NI+SIGINC 
GU  TO  11 

9  If  ICOOEl  .IT  .1 .0)  GO  TC  510 

HH1  TEC  KP  %  ,10351  SI  G  MAIM  ,XJPRI  (N)  ,  ALFP  (N) ,  AL  F  I IN  I,  A  .  FO  ,  030,  ANGC  G,  OE 
HANG 

510  CONTINUE 

SIGNAC  Nl  *  SIGMA ( Nl*  Z 

theta«theta*z 

HE  r  A*BET  A*  Z 
ALFP(NI-ALFPm*Z 
ALFI  IN)  *ALFII  N)*Z 
ALFO*ALFO*Z 

11  1FC0C0.  LT.XORIO)  GO  TO  19 
IFa.E0.2l  GO  TO  12 

C  SAVE  DATA  FOR  PV  AND  CRAG  TORQUE  CALCULATION 

_ _UJ-*CpC5_ _  _  _  _ _ _  _  _ 

U 2* X ONEGA 
CJ=SUMANG 
U4=CGC 
U5  =X  KPRI  C 
U6*ANGCG*Z 

_  U7=X I ( I ) _ 

ua*Yi(j) 

09=S  IGNAC  N) 

IHK.EQ.l  )U9= J  9-  S I  G I NC 
U1 0=D00 
U 1 1=BET  A 
UlZ  *RHfll  (  !  ) 

U11=ALF |Tn  )/Z 
U14*ALF  0// 

U15=U9/Z 

L*2 

C  tiJ  OF  SAlE  DATA  FOR  PV 

C _ CALC.ANO  SAVE  CFFL  EOT  ION  DATA  FUR  LOAD  POINT  STRESS  CDNP'JTA  TI  CNS_ 

c  '  "cal:7 

12  RTUL  =  (TOl  .♦2.0I/(SPRAGS*000) 

Ri’(UL=RT  OL/  OT  AN(  ALFO) 

RT  IL*( TOR 0*2.0 >/ ( SPR AG S*XIROD I 

R.U  L=RT  I  L/CT  AN(  ALF  I  (N)  I 

PRE  SSD*  53RAGS*RNl)L  /  I  P  I  *DOO*Wl  D  TH  ) 

SRPR~S2=-PPESS0  '  "  ------ . 

KJS'}*XQRO)r'R  *.2  5*  XUROOR 
Kl SQ=X  URI DR*. 2 5* X  OR  I  CP 
STP1S2*P<FSSJ*(KUSQ+RI  SO  I  /< KOSO-RI  SO) 

URPRS2=0.5*X0RIDR*(  STFRS2-P0  1SSN*SRPRS2  )/ELSMOD 

_ CALC  ID*  XUR  IDK  *2. 0»URPH  S? _ _ 

C  SAVE 

IF ( CALC  I  0 .G  T .0001  GO  TC  19 
IFCLL.EQ.2 )  G3  Tn  19 
UU1  =SIGMA(N)-SIGINC 
U  J2*ALF | (N  I 

_ UU3JALF0 _  _  _ _  _ _ 

JU4*03J 
UU5  =RHOI C I ) 

JU6=RHJ0 III) 

UU7=RT0L 

JU8=RNJL 

_  UU9  *  RT I  L _ _ _  _  _ 
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UU10MX1L 
UUl 1 "CALC  ID 
SH2NAX=STP<3S2  *51(1012 
CM  PFX  *IJRPR32*  UF  R0T2 
LL-2 

_  C _ _ t'MO  OF  savT  oat  a  forTcaITpo  int 

19  IH  SIGHK  MI.EO.O.OI  CC  TC  20 

IMS  IGHA  (NI.Gfc  .SIGMI  <M  I.ANO.K.EQ.l  I  GO  TO  30 
IFIK.E0.2I  GO  TO  31 
IFIK.F3.3)  GO  TO  32 

20  IH  SIGHOl  HMI  .EO.O.OI  GC  TO  5 0 

IFIS  IGXAINI.GE .SIGMOIMMI. AND.KK.EO.il  GO  TO  35 
IF  (  K  K.  (-  0.  2  I  GO  TC  36 
1FIKK.E3.3)  GO  TO  37 
GO  TO  50 

30  TEM0*S1GMA«X> 

SI G MAI  N)  *$  1 GMI  (  M) 

<*2 

GO  TO  6 

31  Si<jXAIN)sSIGMI  (Ml 
I-  1  ♦  1 

J*J*1 

K*3 

GU  TC  6 

32  SIGMA!  N) =  TEMP 
X*1 

4*  M*  1 
Go  TO  50 

35  Tfci3P*S  I  GMA(  N) 

SloMA(N>*SIGMl(PMI 

<K=2 

GJ  TO  6 

36  Sll»MA(Nl  =  SIGNOCMMJ 
11*1 1*1 

JJ*J  J*1 
KK=3 
Gu  TO  6 

37  SlGMA(Nl*TEMP 
KK  =  1 

M*  1 

50  SIGMA!  N*1  l=SIGMAIN» 

C  PV  AND  03 AG  TJKJUE  CALCULATIONS 

WK I  T  El  K  PR  »1045  ) 

*«.  IT  E  (103, 10461 
taKI Tt(  KPRtl047I  U1 5 ( U1 0 
^KlTFIK>R,  1058  1013,015 
mR  1  TEC  KPR.I051  ) 

WKITEIK53, 1052  1 
hKlTE( KPR  *  1 053  I 
rfi<  IT  F  (K  s  3  *  10  54  I 
WPI  TEC  KPR.10S7I 
«(K  IT  E  (KJ  3  .  10621 
AIXGSPF  =  ANGSPF*2 


ANGSPB«ANGSPB»Z 

NNN«1 

00  86  NNN* 1»  2 

IF  (  NNN.  tO.l)  GO  TO  62 

SPRNGKO.O 

wtspng*o.o 

62  IHSPANOS.FO.l  .0)  GO  10  63 

OSP<OSORT<<  XSP-U7>*<XSP-U7)*<U8-VSP  »*<UB-YSPI  J 
1AU«0ATAN» 1U8-YSP  »/(  XSP-U7II 

SPC  *OSOKT  (0S*J5*  COSP* CCS P-2  .0*U5*COSP*OCOS<TAU*J9>  ) 
AMGSP*OAR  S IN  <COSP*DSI N<  TAU*U9)/SPC  ) 

S4  *<  2.0*  PI*SPRNGK*  (  USPRNG-2  .0  *SPC)  l/SPRAGS 
_  A1*0SIN<ANGSPJ 
A2»0C0Sf  SWTS>»~  ‘ 

GO  TO  64 

6J  CUSPF*OSQRT<  USF-U7l*IXSF-um<U8-YSF)*IUB-YSF  ») 
CuSPR*0S3RTI  <0  7-  XS3  >*<  L7-XSB  1*1  08-  VSB»*I  U8-YSB)  I 
TAUF  *OAT  AN<  <U8 -V SFI / ( XSF-U7 ) I 
TAUH  =  OA  TANl <  U8-YS8  }  /  (  U7-  XSP.  I  ) 

SFC=DS(W'(U5*U5*COSPF*CCSPF-?‘.0*04*CCSPF*DCOS<TAJ:  *09)1 
SbC=DSQRT  <US*U5*CJSPb*CO$PB-2.0*U5*CDSPB*DCOSt  TAU8*PI-U9>> 
jPC=0. 5*  (  SFC*S  80 

ANGCFS<0ARSIN<C0SPF40SIN<  TAUF *119  »/SFC) 

ANGC  BS  =  l)ARS  I  N<  COS  PB*0S  IN  <T  AU  B*P  1-U9  l/SBC  ) 

S4*SP3NGK  *SPN3HT 
64  s4»S'PRNGS*Sl 

S5«<PI*P  I*GRANLB*h1SPNG*SPC»/<  90C.  0*  SPRAGS*GRA  VTYI 
S5«SPRNGS*S* 

S6<  <PJ*PI  *GkANLB*».TSPAG*JU4|/<  900. 0*GRAVTYI 
A3»0SIN<U6) 

A4»0C3S  <U6) _ _ _ _ _ 

A5*0SINIIJ11> 

A6»0CQS<U11) 

IF< SPRNGS.EO.l  .0)  GO  TO  640 

_ S1»A2- ( A 1*A62A  5 ) 

S2*A4-( A3*A6/A5I 

S3-  <  <XlRQO«f  RCOSL  »/<UlO*AS1  >-<  <  FRC0SL»A6>  /<  AS)  1 .0 

S7*<  Sl*S4l/ <  Wl DT  H*  S3 )  .  " 

_ Sb« 111  »S5 )/ <Wl  OT  M*  S  3 1 

S9*<  S2*  S6) H  HI  0TH*S3) 

_ G0_T0_  641 _ 

640  A30»CSIN<  ANGSPBI 

A31«0C0S<ANGSPB> _ _ 

A32-0SINI  ANGSPFI 

A33-DC0SCANGSPF I _ _ 

XHB*SPC*0SIN<0.5*PI-ANGCBS-ANGSPB) 

XHF«SPC*OCOS<ANGSPF-ANGCFS1 _ _ _ _ 

SS0-A5*FRC0SL*  A6 

_ iS l?A6*A  3 l*A 30*A  5 

SS2*A6*A33*A32*A5 
SS3- A6*A3-A4*A  8 
SSSl*SSl-<<2.0*XPB)/U10) 

S»S2*< ( 2.0*XMF I/U10I-SS2 
SSS3=SS0-UFRCUSL*X  IRCCI/UIO) 

*>S5-0S  IN ( ANGSPF-ANGCF  S  ) 
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<SS?«<4/inro$(0.'i*<M-AN';s<»F*ANr,ce*  ) ) 

SSSR-nSlNIO.SPPl-ANCSPCf  ANGC^SI  /DCOS(  A*'0S°94ANGCRS  1 
<tST«fSSS»*|S«^t*S^S«*.SSS?l  >/f  winTH^S^SII 
s$<»«<  <s*(S«;si*,;s,;p*<>ss,>)  )/(wnTM*ss<;i*';<:';si 

SS9«  (SSJ*S6)/(WIOTH*SSS31 
S7-SS7 
Stt*SS8 
_  S9-JS9 

641  S10-PIMI  R0D/12.0 
sii«s7psio 

S12«(S8+S9)*S10 

FSP E  01*  4.0 4SPEE0*SPF £0/9.0 

FSPEI)2>l4.n«SU)/t3.0*S12) 

_  _F$P E 0*FSP ED 1-FSPEO 2 

IK  F  SPG 0.  LT  .0.0)  GO  TO  642 

MXSPE0<0.5«(  (2. 04SPEE0/ 3.0)4U SORTtF  SPEOH 

642  Ob-OSORH  (8.0/  (  Pl*W  IOT  Hll  *  (01 2  *0  .4  *X  IROO/(J1240.5*X|R30)  )•(  1.0-P0I 
1SSM  4P3 1 SSN  I/El SHOO  I 

6  5  M*l 

UU  85  9N«  1.6 

GO  TO  <66, 67 .69, 69, 70,71), NN 

66  PE9CNT*  0. 0 

SPEE  00*PERCNT*S  Pt 10/100 .0 
GO  TO  72 

67  PEKCNT *25  .0 
SPEEU0*PERCNT4  SPEE D/1 00.0 
GO  TO  72 

6B  PERCNT  *50  .0 

SPtE  0J*PERC9 T* SPEED / IOC. C 
GO  TC  72 

69  IK  SPEED. GT.O.  0)  GO  TC  511 
SPtF  C(J*0 .0 

MAS  PED*  0.  O  ' 

P  fcKCNT*  0  •  0 
GO  TC  72 

511  IF(FSPEJ.LT.O.O)  GC  TC  75 
SPfc  EC0*9XSPED 

PtRCNT*! 00.04 SPEECU/SPFEC 
GJ  TO  1? 

512  PEKCNT *100.0 45 PFEOU/SPEEC 
GJ  TO  72 

70  PtRCNT*  75.0 

SPEE  00*PERCNT*S  PEI.D/100  .0 
V.J  TO  72 

71  PcRCNT  =  1 00  .0 
SPeEOO*Sl>lEi) 

72  FiPP*S4 

hiPPP=S54SPhn)n4SPi  ecc 

FCG*S6*SPEE')04SPEE00 
IK  SPPNJS.EO.l  .01  GO  10  721 
FSP*  FS'’P  +F  SPP* 

*Nl  *  (  E  S  P*  SUFCG4  S2I/S3 
GJ  TO  722 
721  FSK ACF*S4 

FsPPr*FS7A')F/DC0S(  C.S4PI-ANGSPF  4ANGCFS) 

FSTANr*FSMI»l*CTAMO  .5*P  I-ANGSPE4AMGCFS  I 
F6TANii*FSTANE 

FSPPR.FST  AWOCOS< ANGSPH4 ANGCHS  I 

RESF*FSPPE4FS>pp/SSS5 

RtSTNF  =  RE$F*  DS  IM  0  .56P  1- AAJGSPF4  ANGCFS  ) 

KCjTNdKESTNF 

KLS8*RESTNB/  OCOSI  ANGSFP*  ANCCfiS) 
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H*l=  UESB*SSS1*RESF*SSS2*FCG*SS3)/SSS3 
722  RI1  =F«COSL*RNI 

rjK')nG»0.5*SP*4CS*KU*XlB00 
V=S10*< SPEEO-S Pf EDC) 

P-RN T/W ! OTH 
PV=n*V 

d=38«"7SQR  TIRN!  I  .... 

IMRM.EQ.0.0)  DC  TO  73 
Pit:i*k\|  I  /  (B*WI0TH I 
l»U  TO  74 

73  PR  h=  0.  0 

_  _ FI  LM  THICKNESS  CALCULAnCNS 

74  Pk  5  V*(  PR~S*VI  760.  0 

wPRI  =rn  i/w  idth 
CMRACF=SPEEO*PI/30.0 
JMSPPG*SPEEDO*PI  /30.0 
JVt LRA*X I R00*0MRACE* .5 
JVEL  S°  =  X  IRl)D*08  SPRG*.  5 

E  CiU  1  VK  =0 1 2*  X~l  R  00*  .5/  (0 1 2  *X  1 RO  0  *  .5 )  . .  . “  * 

EPR  I  =  EL  SHOD/ ( l • O-PO I SSN*P01 SSN) 

WEI  LP=WPR1/ICPRI*ECUIVR) 

JE  ILM=  IUVCL4A-UVEL  SP  )*.  5*RE  VNS/  <  E  PRI  *EQlll  VR) 

GE  I  1>=C0PRVI*EPR1 
IE  (w  F  Il'C  .EU .  0.  0)  30  TO  76 
HE  l  LM*1 .6*GFll#**.&*U>  ILM**r7/MFTlM**7f3 
FJLFE<D*HF  ILM  *E  OUI  VR  *  1CCCC00.  0 
t-  1LHYJ*(4.9*IJFILM*ECUIVR/WHL  4)  *1000000.0 
73  1e(FS'jFO.LT.0.0.ANJ.NN.EO.4)  GO  TO  77 

akI  TEC  KPR, 10551  PEKCNT.P,  V,  PV,  S  P  £  ED,  SPEEDO,  T  OR  QDG,  >RS,  PRSV.F  Cfi  ,  FSPP 

I.EbPPP.F  ILHVO.FILFHO  _ 

OJ  TO  8  5 

7i  wRl  TCI  KPm  ,105R|  PFRCNT.P.V, pv, speed,  speedo.turodg.prs.prsv,  fcg,  fspp 

1 ,  E  SP PP 

GO  TO  45 

77  «*i  TEI  KPP  ,10601 
Ji  Uj.TINUF 

1 E  (  r.NN.  GO  TO  86 

WR  ITFIKPR,  10631 

Ji  CONTINUE 

ST<E  5S  ANO  OEFLECHCN  CAlCUlATIfNS 

UUI=UU1/Z 

002  =  UU2 / 1 

UU3=UU377 

nKl T  F ( KPR, 10751 

UK  I  T  F  IK  PR  ,  1076 ) 

WKl  Ttl  KPR  ,1 077  I  U Cj  1  ,  UU4 
'*  W* IT  E IK  *R  »  1078  IUU2,UU  3 
1 1- 1  C CDt  1 .1 T. 2. 0 )  GO  TO  515 
Wk!TEIK3R,1079I 
WKl TFI KPR, 10801 
*R l T  E IK  JR  *  1081  ) 

WRITE!  KPR, 1002  ) 

WR  ITHKPR  ,  1083  I 
WKl  TEI  KPR, 1004) 

515  CJRTISUE 

UIVIC2=10.0 

KHC  1=  IXlkOU-XIRlU  )/OI  VI02 
Kl  NCC=(X0RnD-X0RIQ)/CIVIC2 

KoTC0S=  I  (  3.0*P0I  SSN  )  /8. 0 1*1  PI  *P  I  *SPE10*  SPEEO*WTDENS)  /  1900.  *GR  A  VTV ) 
L)i  ART  I  —  l)S  ORT  (XIRI0*X1FC!C) 


**&***&& *m 
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UlAKT3=DSQRT< XOR ID*XOROO  ). 

J1  A1  MN  =  X  I  KI  0 
UlAOU1  =  X3RlU 
1  LI  =1 
1  INN  fcR  =  1 

UU  103  lIMNERsl.il 

92  1MOIAINS.LT. DIART1  )  GO  TO  95 
IK  I  II  .GT.l)  GO  TO  93 

TtM?  1  =  0  I A  INN 
Jl  AI MN=0! ART  I 
IL  1=2 
GO  TC  95 

93  IK  III  .3T.7)  30  TO  95 
111  AINN=T  E'lPI 

1LI  =  3 

95  AAl=xmi)*.25*XIRIO 
AA2  =  XI KUU*.25*X I ROO 

_ AAJ=OIA INN*. 25001  AINN 

aaV=(1 ,0*3.0*P0ISSNJ/ <3.0*PUlSSN> 

SKKOTIMOTCONMAA  UAA2-AA1*AA2/AA3-AA3> 

STKOTI  =  ROTCON*(  AAI  ♦  AA2*  AA1  *AA2/  A  A3- A A5  *A A  3 ) 

JRROTl= <0.5*UIAlNN/fcLSMO0)*l STP0TI-PC1 SSN* SRROTI ) 

PRSI  =(  SPRAGS*JJ10)  /  (  Pl*X  lPOCi*WI  CTH1 
a*PRSI=  (-PRSI  !*AA2*1  AA3-AA  1)  n  A  A  3*1  AA2-AA11) 
at  PRSI  =1  -PRSI »  *AA2*{  AAJ*AA1I/  I  A  A3  *  I A  A?- A  A  1 1) 

UKP3  Sl  =  (0  .5*01  A  I  NO  /C  LSM'JOJ*!  STPRSI-POI  SSN*  SR  PR  SI  > 

SKT0T1 =SKRGT I+SRPRS I 
STrOTI*STROT[+STPTSI 
UKTOTI  ='JKPOTI*URPRSl 
_ IMCOOt  ULT.2.Q1  GO  TO  520 

NKI  TE (KPR.l  08'>  )  C  I  A  I  MN ,  SI-ROT  I  .ST  ROT  I  ,URR  OT  I ,  S  RPRS  I ,  STPRSI  .JRMSI,  SR 
1TJT  I.STTOTI.URTOTI 
520  CONTINUE 

IF!  I  LI-21  100,92,100 

100  0IAINN=0IAINN*R1NCI 

IH  C0DE1.LT. 2. 01^  GO  TO  525 
**  'rfR  ITEIKM,  1085) 

5  25  CONTINUE 
ILJ=  1 
1 UUTER=1 

00  110  nUTERal.il 
102  IK  OIAOUT.LT.OIARTC)  GOTO  105 
il  l  fU.GT  .TlGJ  TO  103 
TtMPO=OI  ACUT 
J1A3UT  =  i)  (ARTO 
I  L0=2 
GJ  TO  105 

101  1F(  1L0.GT  .2  »  GO  TO  105 
Ji  AO  uf=  TF~MPO 

iL'Ja  3 

105  AA5  =XORI D*.25*XOPIO 
AA6=  X3MD*.25*Xi)R0Q 
AA7=0I AOUT*.25*OI AOUT 

_ SKRJT3=R3TC0N*UA6+AA5-AA5*AA62AA7-AA7) 

STROTO«ROTCON*I  AAS*  AA5*AA5*A  AN/  AA7-AA4*AA7) 

JKR0T3*  <0.5*DIA0UT/ELSNOD)*I  STRCTO-PCI  SSN*  SRPOTO) 

PKiQ=l SPR AGS*UU8 )/  ( P l*XOR I C*W 10T  K 
SKP  <  S3  =  (-PRSO  1  *A  A  5*(  AA6-AA  7  I  /(  A  A7*  (  A A6-AA5)  I 
STPRSO=PRSO*  A  A5*  (AA6*AA7)/(AA7*(  AA6-  AA5  1 1 
_ UKPRS3=  (_0. 5*0 1  AO  IT  /EL SHOD)*!  STPRSO-PCI  SSN*SRPRSOT  _ 
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SHTOTn«SKROTf>SHPRSn 
STTOTO*STROTU»STPR  SO 
URTOTO*URROT  OMJRPRSO 
IF ( (OUTER .OT. I  )  GO  TO  *30 
'  530  IFICCDEl. LT.2.0)  GO  TC  535 

MR  IT  E  IKPR  ,  1005  ID1A0UT,  SRRO  TO.  STROTO.URROTO,  SRPRSO.  STPRSO.URPRSG.SR 
irOTO.STTOTC.URTOTO 
535  CONTINUE 

IF(  ILO-2  1110.102,110 
110  Ul  ACUT-Dl  AOUTfRINCO 
MR  ITEIKPR,  1092  IUU0 
t>Kl  TE(  KPR.1089)  SFF  MAX  ,  UPHPHX 
C  FLKTZ 

dX*l)SQRT  18  .0*11  .O-PO  ISSN  *P0  ISSN  )/{  PI  *WIDTH*ELSM33I  1 
01  aB  X*0SUKT4  UU1 0*0. 5*X l  RCD*UU5/  (0.5*X  1R0D+JJ5  I  l 
UU~OX*DSORT  <UU8*0.5*UUIl*UUfc/T  0.  5*UUll-UU6) ) 

SCUM  PI  *2 . 0*UU1 0/  (  PI*  b  I*W  IOTHI 
SCOMPO«?.C*UU0/(PI  *BO*hIOTH  J 
LX*2 .0*  (  1  .0-PUISSN*P0ISSN>/ELSM0C 

UR  h  r  Z  I*  (UX*UU10/(PI*MI0TH|  )*(OLOG<  I  2.  C*UU5*MI0TH) /(  61*01  II  *1  .60021 
OKI  T  Z0= ! (  UX*UU8l/( P1*W IOTH) ) *(DLOG( 12  .0*UU6*WIDTH)/ (B3*B0  I  )♦ 1.  6002 
1) 

MHI  TE(  KPR  ,1090 I SCOPP I ,URFT  Z  I 
MR  I T  E  (KP  <  »  109 1 ISCOMPO .UKHTZO 
MKl  TE( KPR  ,1100) 

GO  TO  1 


ICOJ  FCHMAT  (IX  ,79 F 


.  .a. fi  o.  4» 

1  . 

E-SPRING 

(IN)  . 

E-SPRING 

(INI  . 

1  I 

1001  FORMAT  ( 1 1  6X,  •  G117-1.7-  2/72M) 

1002  FORMAT!  6F12.5I 

1003  FORM AT (3(F6.5,F6.2,2F6.5I) 

1(04  FORMAT!  3X  ,•  HORSEPOWER  .  3,F10.4,5X,  •  T 

1UK JUE  (  IN— L I 
1  C05  FORMAT!  3X  ,• 

IK  1C T  ION  COEFF. 

1 0  Ob  F  URMAT  I  3  K  ,’  X  COCRC I  NAT  E-S  PR  ING  (IN)  .  a,F6.4,5X, 

l *  A  CnOROINATE-C.O. 

1C07  FORMAT!  3X,«  Y  CUORI 
1 •  Y  C03R0INATE-C.G. 

ICOu  FORMATOa  ,•  SPRING  WEIGHT  (CM!  .  a,F6.4,5X, 

I'SPRAG  WEIGHT  (  GM  I  . M.F8.4I 

1  C.  0  9  F  URMAT  (  3  X  ,•  NO.  CF  SPRINGS  .  S,F6.4,5X, 

1'hJ.  OF  SPRAGS  .  a  ,F7.  A) 

1010  FCRMATI3X,'  INNER  RACE  0.0 . a,F9.4,5X, 

1  'JUT  ER  RACE  I.D.INOM.I  . a,F9.4) 

1011  FORMAT (  3X  ,•  NUMBER  CF  INCREMENTS  . a,F9.4,5X, 

I'SIGMA  ANGLE  (DEGREES)  •  •  •  •  £«F  8.  4 ,  '  (  PI  N) . 3  ,F9.  4  ,*(  MAXia) 

1012  FORMAT!  3X,'  SPRING  OIA. -FREE  (IN)  .  a,F6.4,4X, 

1'  EFFECT  IVE  SPKAG  LENGTH  (INI  . S.F8.4I 

1013  FuRMATOX,'  SPRING  CCNST  (LB/IN)  . M.F3.4/) 

1014  FURMAT (/l 7X, •  COOHC IN A T E Si, 9 X, AO  I  US  OF  a,  8X, • SI  GM A  ANGLER I  v 

1015  FuRMAT  ( l  4  X  ,'  xa,llX,'Y£,9X,  'CURVATURES,  10X,  '(OEGRfES)a) 


10 lo  FORM  AT ( /  3X,  •  INNERi ,4X ,F «. 5 , 3X,F 9. 5  ,5 X  ,F9. 5 ,10X,F9. * ) 
1017  FORMAT!  3X  ,'  RACEd ,5X, F9 .5, 3X , F9 .5, 5X  ,  F9  .5,  10X, F9 .5 ) 

10  11  FORMAT  I13X.F9.5,  3X,FS.5,5X,F9.  5,10X,F9.  5) 

1019  F  CkMAT  I  /  3X  ,'  0UTERa,4X,F9.5,3X,F9.5,5X,F9.5,  13X.F9.5) 
10  2  J  FURMATOX, •  R  ACEi,  5X  ,F  9.  5 , 3X  ,F  9.  5, 5X,F  9.  5, 1 0X,F9.  5) 
1021  FORMAT! 13X,F9.5,3X,F9.5,5X,F9.5,10X,F9.5) 
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1022  FJRMAT  (  3  X,  •  INNER  K  ACE  I  .0 . 8,F9.4,5X, 

1  •  UUTEK  RACE  0.0 . 8.F9.4) 

10  2  i  FJRMAT  (3X,»  X  CUQROINA 1E-SPRING  FRCNT  FACE  (IN)  .  8,F5.4,5X, 

1*A  C  CO  KOI  NATE -S  PHI  NG  EACK  FACE  (IN)  . 8,  F8.4  ) 

102*  FORM  AT  (  3X,  •  Y  COORD  IMA  IE -SPRING  FRONT  FACE  (IN)  .  8,FS.4,5X, 

l  •  1  C  CORD  I  NAT  E-SPRING  EACK  (ACE  (IN)  . 8,  F8.4  ) 

1025  FORMAT  (  3X»  •  SPRAG  CONTACT  ANGLE  -FRCNT  FACE  (OEG.)  ....  ',F7.4,5X  • 
IX  CCCRDI  NATt-C.G.  (IN)  . ',F6.4) 

102 j  format  ox,*  s»rag  contact  angle-back  face  (oeg.)  ....  •  ,F7.4 »5x  »• 
IV  CnOROINATE-C.G.  (IN)  . *,F8.4) 

102/  FORMAT  (3X,  •  SPRING  HEIGHT-FREE  <IN)  .  8,FS.4,4X, 

1*  tFFECTlVE  SPRAG  LENCTF  (IN)  . '»F8.  A) 

1033  FJRMAT  (/  10X.  •  FLAT  PLATE  DIMENSI  CNS8  ,3X,'CUR  VED  SURFACE  DIMENSIONS 
10) 

1034  hURMAT  ( 10X,  • - -  - -  0 

IUTER'1 

1335  FORMAT  (2X,'  S  I  GMA8,  l  3X, • INNER  STRUT8 ,8X,« STRUT  ANJLE S8 ,11X »•  RACES , 
l /X.'CG'  *  5X  »• OIFF* ) 

1036  FORMAT ( 2  X  •  ANGLES. 3X,' j  PRI ME8 ,6X ,' ANGLES ,9X ,'  I NNE  RS ,7X  , ' OUT  ER8. 8X 
l,'l.0.',6X, 'ANGLE  ANGLE1) 

103/  FORMAT!  1  X.FA.4  .1  X,F8  .4  ,3X  ,F8  .4  .6X.FR  .4,4X,  F8  .4, 5X,  F8.4,  4X,  F6.3.2X, 
IF6.3) 

10  3d  FORMAT  (  1  X(F8.4  ,•  *S,F7 .4 ,3X ,FB .4 ,6X , F8  .4,4X,  F8.4.SX.F8.4.4X,  F6.3,  2 
IX,  F6.3) 

1039  FORMAT!  2  X*  (  CE Gl  •  ,4X  (  I N) '  ,8X  ,  •  (DEC  )  ',9X,  1  ( DE  G) 7X,  •  (  DEG  )  8X,  •  ( 

1  IN)  '  »6X,  •  (DEG)  (OEG)'/) 

1045  FORMAT! //40X,'  OVERRUN  ♦  DIFFERENTIAL  SPEED  POINT  VALUES') 

1046  FJRMAT  (40X,  • - - 8/) 

1047  FORMAT!  3X  ,'  SIGMA  ANGLE  (DEGREES  )  . . 8.1X.1F8.4 

It  6X»  'UEFL  FCTED  OLTfcK  RACE  1.0.  (IN)  . 8.1X.1F8.4) 

1043  FORMAT!  3X  ,'  INNER  STRUT  ANGLE  (DEGREES)  . 8.2X.1F7.4 

1,  oX,  'OUTER  STRUT  ANGLE  (OEGREES)  . 8.2X.1F7.4) 

1051  FORMAT! /35X,'  INNER  CUT ER8,  3 3X  ,  • SPR AG8, 1 2X, • SP R I  NG  FILM  FILM 

la ) 

1052  r-LRMAT!  •  PERCENT  P  V  P-V  RACE  RACE  DRAG 

l  MRS  PRS-V  CENTRIF.  SPRING  CENTKlF.  THK,  THK.8) 

1  053  FORM  AT  (  1  X  ,'  SPtEC8,29X  , 'SPEEC  SPEEC  T3R3UES,  23X,  '  FORCE  FOR 
ICt  FORCE  HYD.  EH0.8) 

1054  FORMAT! 10X,'  (PP1)  ( FPM )  (PPI-FPM)  (RPM )  (RPR)  (IN-LB)  ( 

IPSI)  (PSI-FPS)  (LH)  (LB)  (LB)  (MICR0-1N)8) 

1C 55  FORMAT!  2  X  ,F 6. 2  ,2  X ,F6.2  .2 X  ,F6 . 0  ,2X  , F7 .0, 3X ,  F6  .3 , 2 X,  F&  .0,  2X,  F7  .2, 3X,^ 

1F/.0.2X.F  8.0.2X.F6.  1 , 3X.F  5.  2  ,3  X  ,F5. 2  .3X.F7.2  ,1  X.F5.2) 

1057  FORMAT! IX'  - 


l- 


- a/i 


1059  FORMAT (  ?X  ,F6  .2  ,2  X  ,  F6  .2 , 2X,  F6  .0,  2X,  F7  .0, 3X, F6.0, 2X,  F 6.0,  2X.F7.  2 ,3X , 

1F7.0,2X,F8.0,2X,F6.1,3X,F5.2,3X,F5.2»3X,' - 8,1  X,' - 8) 

1060  FORMAT (IX,*  MAX.  SPEEC  NCT  CALCULATED,  EQUATION  CONTAINS  A  NEGATI V 
IE  SQUARE  ROOTS) 

1062  FORMAT ( 55  X,'  WITH  SPRINGS) 

1063  FJRMAT (/53X, •  WITHULT  SPRINGS) 

1075  FURMATI /51X,'  LOAD  PCINT  VALUES  •  I 

1076  FJRMAT  (51X,  • - 8) 

1077  FORMAT!  /3X,'  SIGMA  ANGLE  ICEGKEES  )  . 8, IX,  IF  8. 

14, 6X,  'DEFLECTED  OUTER  RACE  1.0.  UN)  . 8.1X.IF8.4) 

I07d  FORMAT  (  3X  ,'  INNER  STRUT  ANGIE  I  CEGREES  )  . 8,  2X  ,  IF  7.  4 

1,6X, 'OUTER  STRUT  ANGLE  (DEGREES)  . 8,2X,1F7.4) 

l 0 / A  FORMAT! ///20X  ,'  ROTATICNAL  COMPONENT i,  16X, 'PRESSURE  COMPONEN T3.27X 
1,  'TOTALS) 

1080  FORMAT!  15X,' 

1 - 


■8,  5X,  •- 


- a, 


-8) 
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1081  FORMAT ( 1 5 X  * •  RACIAL  TANGENTIAL  RAOIAL  AADIAL  TANGENT 

11AL  RAOIAL  RAOIAL  TANGENTIAL  RADI  ALi ) 

L  082  FORMAT! I X  »•  DIAMETER  STRESS  STRESS  DEFLECTION  STRE 

las  STRESS  DEFLECTION  STRESS  STRESS  DEFLECT ICNSI 

1  083  FORMAT  (  3X  *•  ( I  N)  i»9X  •  '  (PS  I )  (PSI)  (  I M  )St  9X»  *1  PSI  ) 

1  (PSI)  (  IN  )  •  1 9X  ( '  ( P  SI  )  IPS!)  ( IN)  9» 

1084  FCKMATI //53X  »'  INNER  RACED 

100  5  FU1MAT (3X,  1F7.4,3(  5X ,F  0.  C ,  AX ,F  8.  C ,  3X ,F  8.  6)) 

1086  FORMAT!  //53X  t'  GOTER  RACES) 

10d4  FORMAT 1/2X*  •  OUTER  RACE  1.0.  HOOP  STRESS  MAX.  (PSD  . 

1 .. .  .  ..  .  .  •  ..  .  • .  S  9 1  X  1 1 F8  .0 1 7  X .  *  DEFLECT  ION  I  IN)  ........  At  IX.  1*  8.  fi) 

1090  FORMAT (/2X,*  INNER  RACES ,4 X , 'COMPRE S SI  VE  STRESS  MAX.  -  HERTZ  (PSI) 

1  St lXtl  F8  .0 . 7X .  *  CEFLECT  ION  (IN)  ........  St  IX*  IF  8.  6 ) 

1091  FORMAT ( 2Xt  '  OUTER  RACES .4X , 'COMPRE SSI  VE  STRESS  MA< .  -  HERTZ  (PSI) 

1.. .............5tlXtlF8.0f7Xt'CE FL EC  T  ION  (IN)  ........  St lXt  IF  8.6) 

1092  FORMAT (/?X.  *  NORMAL  LOAD  PER  SPRAG  AT  OUTER  RACE  CONTACT  POINT  (LB 
1)  ...•  *  IF  6.0/) 

1100  FORMAT (1H1) 

1101  FCKMATI  1 X) 

END 
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APPENDIX  III 

RAW  DATA.  OVERRIDE  TEST 


5 

( 

i 

; 

CLUTCH  DESIGN  A 

Oil  Inner 

Flow  Race  Speed 

l&Enl  — (lEnl _ 

2.4  26,500 

25, 000 
20, 000 
20, 000 
10, 000 
5,  000 

1.  6  26,500 

25,000 
20, 000 
15,  000 
10, 000 
5,  000 

.  8  26,600 

25,  000 
20,000 
15,000 
10, 000 
5,  000 

.  54  26,500 

25,000 
20,000 
15,000 
10, 000 
5,  000 


Shaft 

Reaction 

Oil 

Torque 

Torque 

AT 

(in.  -  lb) 

(in.  -lb) 

(°  F) 

11.  0 

8.4 

37 

9.  9 

8.0 

33 

8.  8 

7.4 

34 

8.  2 

5.  9 

23 

4.  0 

4.4 

17 

2.  3 

2.  6 

13 

8.  3 

8.  1 

34 

7.  4 

7.6 

31 

7.  5 

7.  1 

26 

6.  0 

5.8 

19 

4.  5 

4.  6 

14 

3.  1 

3.  6 

5 

7.4 

5.7 

38 

7.  1 

5.4 

33 

5.  8 

4.9 

25 

5.  3 

4.  8 

21 

4.  6 

4.  3 

19 

3.  4 

3.  4 

9 

7.  5 

4.  6 

50 

7.  6 

4.7 

42 

5.  4 

3.9 

30 

3.  8 

3.  3 

14 

3.  9 

3.  6 

12 

2.  8 

2.  8 

3 

Torque  Calcula¬ 
ted  Using  OilAT 


Btu/hr 

(in.  -lb) 

19,  350 

18.  1 

17, 250 

17.  1 

17,  800 

22.  0 

12,000 

19.  8 

8,  900 

22.  0 

6,  800 

33.  0 

11, 900 

11.0 

10,  000 

10.  7 

9,  100 

11.  3 

6,  600 

10.  9 

4,  900 

12.  1 

1, 740 

8.4 

6,  600 

6.  2 

5,  800 

5.  8 

4,  400 

5.  5 

3.700 

6.  1 

3,  300 

8.  2 

1,  570 

7.  5 

5,  850 

5.  5 

4,  900 

4.  9 

3,  500 

4.  3 

1,  640 

2.7 

1, 400 

3.  5 

350 

1.7 
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CLUTCH  DESIGN  B 


Oil 

Flow 

(gpm) 

Inner 

Race  Speed 
(rpm) 

Shaft 
Torque 
(in.  -  lb) 

Reaction 
Torque 
(in.  -lb) 

Oil 

AT 
(°  F) 

Btu/hr 

Torque  Calcula¬ 
ted  Using  OilAT 
(in.  -lb) 

2.4 

26,  500 

8.6 

10.2 

30 

15,700 

14.7 

25,  000 

7.9 

9.  3 

22 

11, 500 

11.4 

20, 000 

6.  4 

7.4 

15 

7,  800 
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REACTION  TORQUE  -  IN -LB 


Figure  70.  Reaction  Torque  Versus  Oil  Flow  at  Various  Speeds 
Design  A  Full-Speed  Override  (Input  Stationary). 


141 


REACTION  TORQUE  -  IN.-LB 


Figure  71.  Reaction  Torque  Versus  Oil  Flow  at  Various  Speeds, 
Design  B  Full- Speed  Override  (Input  Stationary). 
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Figure  73.  Oil  AT  Versus  Flow  at  Various  Speeds,  Design  B 
Full-Speed  Override  (Input  Stationary). 
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